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Abstract  
 
This  doctora l  disser ta t ion has been p er formed at  the Universi ty of  Tokyo ,  
Japan from October  2013 through November 2016.  It  i s  a  cooperat io n  
research on improvement of  hydrau lic  percussion rock dri l l  be tween the  
Fukui  Lab  and the  Furukawa Rock Dri l l  Co. ,  Ltd.  The modern hydraulic  rock 
dri l l  has  been  cont inuously improved by many researchers  and engineers  and  
become more and more complica ted.  Deve lopment and modif ica t ion of  the  
rock dri l l  based on tes t  data  a re  t ime -consuming and cost ly.  In  this  s tudy,  i t  
a ims a t  construc t ing  a  new rea l is t ic  numerica l  model  of  consecutive  
percussive dri l l ing fo r  fur ther  accura te  improving the performance and 
eff ic iency of  hydraul ic  rock dri l l s .  The new numerica l  model  of  consecutive  
percussive dri l l ing was based on and modif ied from the Okubo -Nish imatsu’s  
model.  In  part icula r,  the  aspects  of  the s t ress  wave propaga tion in  rods and 
rod join ts  as  well  as  the bi t - rock in terac t ion  were mainly improved in  the  
s tudy.  
 
In  Chapter  1 ,  the  background,  problems ex is ted  in  the modern hydrau lic  
percussion rock dr i l ls ,  motiva t ions ,  a ims and outl ine of  the s tudy were  
introduced.  Percussive  dri l l ing is  an important  process  invo l ved in  min ing,  
oi l  and  water  wel l  dr i l l ing ,  and  civi l  engineering.  The per formance and  
eff ic iency of  the rock  dri l l  cr i t ical ly affect  the construc t ion speed  and the 
cost .  Thus,  how to improve the performance  by exper imenta l  and numerica l  
methods has been focused by many researchers .  
 
In  Chapter  2 ,  the basic  knowledge and previous s tudy concerning the  
percussive dr i l l ing were reviewed.  The basic  knowledge included the 
class if ica t ion of  dr i l l ing methods,  the basic  mechanism of  the percussive  
dri l l ing ,  as  wel l  as  experimental  and  the  two-point -s t ra in  measurement  
methods.  
 
In  Chapter  3 ,  the aspects  of  s t ress  wave  generat ion,  propaga t ion and 
at tenua tion in  the Okubo -Nish imatsu’s  model  were improved.  In  the improved  
Okubo-Nishimatsu’s  model,  the  acous t ic  impedance s of  the p is ton,  shank rod  
and rod were se t  to  be consis ten t  with  their  actual  shape and s ize ,  as  wel l  as  
the rod jo int  was modeled as  the CI +spr ing  model .  In  add it ion,  the 1D and 
axisymmetr ic  f in i te  e lement models  of  percussive dr i l l ing were  buil t  to  
calcula te  s t ress  waves .  The numer ical  waves calcula ted with  bo th  models  
were compared with  the measured waves.  I t  is  shown that  the numerica l  
resul ts  calcu lated with  the axisymmetric  f ini te  e lement model  were bet ter  
than those  calcu lated with  1D theory of  e la st ic  waves on  reproducing the  
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la tera l - iner t ia  effect  but  they were  very c lose to  each  other.  The numerica l  
resul ts  o f  the  axisymmetric  f ini te  e lement  models  were sensi t ive  to  the mesh  
scale  and the t ime s tep s ize .  A too small  t ime s tep did not  improve the  
s imulat ion accuracy,  but  cause undes irable  high -frequency vibra t ions in  
numerica l  resu l ts  for  the coarse -mesh scale .  Thus,  i t  is  recommended to  use  
the improved model  for  s imula t ing s tress  wave  propagation ,  tha t  cont r ibute  to  
decreasing computat ional  compl ex ity and saving computa t iona l  t ime .  
 
In  Chapter  4 ,  the impact  penetra t ion behavior  of  the but ton -bi t  with  the  
diameter  of  64  mm on Inada  grani te  was  inves t iga ted.  
Single -b low-impac t -penetrat ion (SBIP) tes ts  provided highly reproducible  
resul ts  under  constan t  blow condi t ions and with  t ightening of  the  threads  
af ter  each b low.  Unnatural  f luc tuat ions appeared in  the fo rce -penetrat ion 
curves calcu lated wi th  the two -poin t -s tra in -measurement (TPSM) method.  
This  is  probably due to  not  only the d ifferences in  the rod s t resses  measured  
at  the two po ints  on  the rod,  bu t  a lso  to  the  mismatch be tween  the  actual  bi t  
and the calculat ion model .  The data  correct ion method  was obtained ,  in  which  
the bi t  force ca lcula ted  in  the Free -bi t -end (FBE) test  i s  subt racted f rom tha t  
in  the SBIP test  using  a  numerica l  s imula t ion.  The correct ion method was 
applied to  the measured rod s tresses ,  and  the  force -pene tra t ion curves  were  
improved remarkably.  However,  the s lopes of  the curves changed unnatural ly 
just  before  the  peaks,  which wa s probably due to  the change  in  the contact  
condit ions at  the rod -bit  connect ion in  the SBIP and FBE tes ts .  Thereafte r,  
the  bi t  force ca lcula ted  in  the s imula t ion of  the FBE test  was subt rac ted from 
the bi t  force ca lcula ted  from the measured rod s tresses  i n  the SBIP test  when  
the bi t  fo rce was high.  The addit ional  correct ion wi th  threaded bi t  model  is  
just  for  the  threaded rod -bi t  connect ion used in  th is  s tudy.  The corrected  
force -penet rat ion curves are  smoother  in  the  SBIP tests  than those  in  s ta t ic  
penetrat ion tests  in  previous s tudies ,  which indicate  tha t  impact  penetrat ion 
is  not  accompanied  by la rge rock chipping.  The var ia t ions in  the  
force -penet rat ion curves obtained from the  more than 40 SBIP tests  are  
probably caused by the  contact  condi t ions be twee n the bi t  and rock,  the rock 
propert ies  and damage to  the rock wi th  each b low.  
 
In  Chapter  5 ,  the impact  penet rat ion behavior  of  bu tton b i t s  in to  rock was  
invest igated for  modeling the b i t - rock in te ract ion under  d i fferen t  rod -bi t  
configura t ions.  Impact  pen etrat ion tes ts  on Inada grani te  were carr ied out  
with  s ix  rod -b it  configurat ions  which were composed  of  four  k inds o f  but ton  
bi ts  and two kinds  of  rods.  In  the  calcu lat ion of  force -pene tra t ion curves  
from the measured  rod  s t ra ins ,  the  bi t  model  const ructed  from the  acoust ic  
impedances was s implif ied,  and the empir ica l  da ta  cor rect ion  method  
proposed in  Chapter  4  was appl ied to  a l l  the  rod -bi t  conf igura t ions.  The 
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force -penet rat ion curves for  the s ix  rod -b it  configura t ions showed that  the b i t  
force in  load ing  phase  was approximately p roport iona l  to  the square of  the 
penetrat ion.  The curves in  unload ing phase had a  l inear  re la t ion between the  
bi t  force and  the  penet rat ion.  The f inal  pene t rat ion  of  each  blow had a  l inear  
re la t ion wi th  the maximum pene trat ion,  an d the measured changes in  borehole  
depth wi th  each blow were  proport ional  to  the maximum pene tra t ion.  The 
effec t  of  rod d iameter  on the  force -penetrat ion curves was not  c lear ly  
observed .  However,  the bi t  force cor responding to  the same penetrat ion  
increased and the spec i f ic  energy decreased with  the  increase in  b i t  d iameter  
or  in  number s  of  but ton t ips  on the bi t .   
 
In  Chapter  6 ,  the new consecutive  percuss ive dri l l ing  model  which was based  
on the 1D theory of  e last ic  waves and modif ied from the Okubo -Nish imatsu’s  
model was proposed.  The aspects  of  the or iginal  model  invo lved in  s tress  
wave genera t ion,  propagation and at tenuat ion,  as  well  as  the bi t - rock  
interac t ion  were  improved on  the basis  of  the  resul ts  of  Chapte rs  3 ,  4  and 5.  
The var ia t ion in  the force -penet rat ion curves and the change in  the borehole  
depth wi th  each blow were also cons idered  for  reproducing the var iable  
bi t - rock contact  condit ion dur ing consecutive percussive  dri l l ing  
improvements .  Any interest  parameters  can be constantly monitored  and  the 
p-v diagram can be  accurately  s imula ted .  The new consecu tive percussive  
dri l l ing model  wil l  make i t  poss ible  to  evalua te  the e ffec t  of  th rust  force and 
the effec t iveness  of  the damper sys tem on the bi t - rock contact  condit ion,  
because i t  can consider  the  change in  the  borehole  depth while  d r i l l ing.  
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Chapter 1 Introduction 
 
1.1 Background  
Percussive  dr i l l ing  has been ex tens ively used to  dr i l l  holes  fo r  b last ing  or  
rock bolt ing in  open pi t  mines ,  quarr ies  and construct ion s i tes .  I t  is  a lso used  
to  dr i l l  sounding holes  in  the  advance of  a  tunnel  front ,  which is  an  effect ive  
way to  reduce opera t ional  r i sks  and avoid unexpected rock problems 
(Schunnesson  1996).  Percussive  dri l l ing (even wi thout  rotary)  has  potentia l  
to  provide fas ter  penetrat ion  ra te  than  convent ional  rota ry dr i l l ing  or  
diamond dr i l l ing ,  especial ly in  some hard  formations such  as  grani te ,  
sandstone,  l imestone,  dolomite ,  e tc .  (White ley and England  1985;  Prat t  1987;  
Melamed e t  a l .  2000) .  However,  there  a re  many unknowns needed to  be 
solved for  fur ther  improving  the e ff ic iency and penetra t ion rate  o f  percussive  
dr i l l ing .  
 
1 .2  Problems in  the hydraulic  percuss ion rock dri l l  
The main components  invo lved in  percussive  dri l l ing with  a  hydraulic  rock  
dri l l ,  top -hammer dri l l ing ,  are  a  rock dri l l  body,  a  p is ton,  a  shank rod,  rods,  
rod joints ,  a  bi t  and a  rock.  The components  mutual ly a ffect  each o ther  and 
self - induced osc i l la t ion occurs .  The pis ton in  the rock dr i l l  body is  
reciproca ted by hydrau lic  p ressure  and repea tedly impac ts  on  the shank rod a  
few thousand t imes per  minute .  Stress  waves  generated  by the impact  of  the  
pis ton on the shank rod propagate  and at tenuate  in  the rods and rod joints ,  
and then arr ive a t  the bi t - rock inte rface.  The compressive s tress  wave  
corresponds to  a  bi t  force between the bi t  and the rock.  Once  the bi t  fo rce  
exceeds a  cer ta in  va lue ,  the rock beg ins to  break and debris  is  c reated around 
and below the bi t .  The debris  is  f lushed ou t  of  the borehole  by a  f lushing  
f luid  de l ivered to  the b i t  v ia  an axia l  hole  through the rods.  Afte r  each blow,  
the rods are  rota ted a  cer ta in  ang le  in  order  to  tu rn the bi t  over  the hole  
bottom so that  the en t ire  surface  can be worked on by the  but ton t ips .  The  
detai l  of  the bas ic  mechanism of  the percussive dr i l l ing  wi l l  be in troduced in  
Chapter  2 .  
 
The movement d irec t ion of  the  pis ton is  de te rmined by the rela t ive  p osi t ion  
between the pis ton and  the rock dri l l  body.  The impact  veloc i ty of  t he pis ton  
is  affected by percuss ive pressure and hydraulic  c i rcui ts ,  which adjust  the 
length of  the p is ton  s troke .  If  the waves re f lected from the  bi t  propagate  in to  
the pis ton when the pis ton i s  in  contac t  with  the shank rod ,  the return  
veloc i ty o f  the p is ton wil l  increase and resul t  in  the impac t  veloc i ty of  the  
pis ton  in  the nex t  b low increases  and further  change the b low frequency.  
Fukui  e t  a l .  (2007)  reported that  the  blow f requency of  the p is ton  increased 7  
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percent .  
 
The total  length of  the  dri l l ing sys tem is  about  5  m.  The ve loci ty o f  e las t ic  
waves  in  a  s tee l  rod  i s  a lmost  5  km/s.  The shuff le  t ime is  about  2  ms.  The  
interva l  be tween two adjacent  b lows  is  15 ~  40 ms.  The waves  implement  
about  10 round t r ips  before  the nex t  waves  come.  If  there  i s  no  damping 
sys tem,  the vibra t ion caused by the re f lec ted waves wi l l  cont inue  and the 
col l is ion pos i t ion between the pis ton and the shank rod wi l l  change.  
 
The bi t - rock con tact  condit ion  i s  mainly a ffec ted by the thrus t  force  from the 
rock dri l l  body,  and varies  wi th  the vibrat ion of  the dri l l  s t r ing,  which i s  
caused by the ref lected wave from the bi t .  In  addit ion,  the bi t - rock contac t  
posi t ion var ies  with  the bi t  rota t ion.  Thus,  i t  is  d i ff icu l t  to  ach ieve  a  s tab le  
dr i l l ing process  and results  in  low dr i l l ing eff ic iency.  For  instance ,  in  the  
case when the bi t  is  not  in  contac t  wi th  the rock,  the inciden t  compression  
wave  i s  re f lec ted f rom the  free  bi t  end as  a  tension wave w i th  the whole 
percussive  energy,  which resu l ts  in  low dri l l ing eff ic iency.  It  i s  a lso l ikely 
that  the inciden t  compression wave drives  the bi t  to  move forward and then 
contact  wi th  the rock,  which causes a  compl icated re f lec ted wave consis t ing  
of  tens ion wave  and compres s ion wave.  I f  the ref lected wave as  a  tens ion 
wave passes  th rough the s leeve,  the threads  of  the s leeve wi l l  su ffer  h igh  
tempera ture  and eas i ly  be broken (Mikami 1986).  
 
P revious s tudies  po inted out  there  ex is t s  a  most  appropr iate  thrus t  fo rce .  The  
penetra t ion rate  tends  to  increase with  the  increase in  thrus t  before  the  thrus t  
arr ives  the appropr iate  value .  Once the th rust  fo rce increases  over  the  
appropria te  value ,  abrasion in  accessories  become severe  and accessories  are  
destroyed.  I t  is  necessary to  se t  the th rust  force to  the appropria te  va lue.  
However,  the va lue varies  with  the bi t - rock contact  condit ion during the  
dri l l ing  process  (Hus trul id  and  Fairhurst  1971).  A damper  sys tem was  
developed  in  order  to  solve  the  prob lem.  Most  of  the ref lected  wave  fr om the  
bi t  is  absorbed by the damper sys tem.  As a  resul t ,  the  vibrat ion of  the  dri l l ing  
s tr ing is  reduced.  Moreover,  the b i t - rock con tact  condi t ion i s  improved by the 
var iable  th rust  which  is  adjusted  by the  damper  sys tem.  The  dri l l ing  
eff ic iency is  ge t t in g bet te r.  However,  i t  i s  a l so need ed to  be considered how 
to set  an appropria te  damper sys tem depending on the bi t -rock  contact  
condit ion ,  because  the essent ia l  mechanism of  the damper sys tem absorb s the 
vibrat ion energy.  Too much enhance the absorbing e ffec t  of  the damper  
sys tem wi l l  decrease the dri l l ing e ff ic iency.  
 
1 .3  Motivat ions and a ims  
The eff ic iency and penetrat ion ra te  of  b last  hole  dr i l l ing  with  the hydrau lic  
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percussion  rock dri l ls  s ignif ican tly a ffect  the  speed and  cost  of  tunnels  and  
underground excavat ions.  In  the case of  a  tunnel  advance ,  genera l ly,  about  30  
percent  o f  the  cons truct ion t ime is  used  for  dr i l l ing several  tens to  one  
hundred and several  tens of  blas t  holes .  The use of  hydraul ic  percussion rock  
dri l ls  with  a  good penetrat ion rate  can achieve a  fast  tunnel  advance rate .  
Meanwhile ,  the  to tal  costs  cons is t  o f  labor  costs  and var ious ren tal  fee s .  Most  
of  them are  proport ional  to  the  t ime.  That  i s ,  shortening  the  const ruc t ion t ime 
can achieve cost  reduc tion.  
 
Performance improvements  o f  the  hydraul ic  percuss ion rock dri l l  based on  
test  da ta  are  t ime-consuming and cost ly.  Hence i t  is  essent ia l  to  make  
effect ive use of  numerical  s imulat ion.  However,  mos t  of  the numerica l  
models  proposed in  previous s tudies  were too s imple in  compar ison wit h  the  
actual  dr i l l ing process  with  a  hydraul ic  percussion rock dr i l l .  The aim of  the  
s tudy i s  to  const ruct  a  new numerica l  model  for  consecut ive percussive  
dri l l ing,  which is  based on the previous Okubo -Nish imatsu’s  model  (Okubo 
and Nishimatsu,  1991 ) and much more rea l i s t ic  than i t .  
 
1 .4  Outl ine of  the disser ta t ion  
This  disse r ta t ion  cons is ts  of  seven chapte rs .   
 
In  Chapte r  1 ,  the int roduction  was descr ibed as  wel l  as  a  bas ic  knowledge of  
percussive dri l l ing,  the  research purpose an d composit ion of  this  research.  
 
In  Chapter  2 ,  the mechanism of  the  percussive  dri l l ing  with  a  hydraulic  rock  
dri l l  was in troduced in  detai l .  Rela ted previous  s tud ies  and experimental  
methods were reviewed.  
 
In  Chapter  3 ,  an improved numer ical  model  based on the theory of  
one-d imens ional  e last ic  waves and modif ied  from the Okubo-Nish imatsu’s  
model  was proposed.  Compared to  the Okubo-Nish imatsu’s  model ,  the  
acoust ic  impedance of  the pis ton,  shank rod  and rod was set  to  the same 
values as  ac tual  products  and  a  new numerical  model  for  a  s leeve -type  rod  
joint  was combined  in to  the improved model .  In  addit ion,  numera l  models  
based on one- and three-d imens ional  f ini te  e lement method for  s imulat ing the  
s tress  wave propagat ion in  rods and rod joints  during percussive dr i l l ing were  
also cons truc ted.  The calcula ted waves  with  these  numer ical  models  were  
compared to  each other  and to  the measured  wave in  impact  penet rat ion tests  
performed by Fukui  e t  a l .  (2007,  2010).  
 
In  Chapter  4 ,  the impact  penetra t ion behavior  of  a  button bi t  wi th  a  diameter  
of  64 mm was inves t iga ted by means of  laboratory tes ts .  The 
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force-penet rat ion curves were  calcu lated from the measured rod s tra ins  wi th  
the two-poin t  s t ra in  measurement (TPSM) method .  However,  unnatural  
f luctua t ions were observed in  the curves.  Thereafte r  the reason for  this  was  
elucida ted,  and a  data  correc t ion method was proposed using a  numerica l  
s imulat ion.  The force -penetrat ion curves of  the impac t  pene trat ion tests  wi th  
the button b i t  were  accurately  ca lcula ted with  the correc t ion method .  
 
In  Chapte r  5 ,  to  evalua te  the da ta  cor rect ion method proposed in  Chapter  4 ,  i t  
is  ex tended to  ca lcula te  force-penetra t ion  curves of  the  s ingle  blow impact  
penetrat ion (SBIP) tes ts  wi th  other  rod -b it  configura t ions.  In  the ca lculat ion  
of  force -pene trat ion curves from the measured rod s tra ins ,  the b i t  model  
construc ted f rom the  acoust ic  impedance was s implif ied.  Based on the  
obtained force -penet ra t ion curves for  a l l  rod -b it  configura t ions,  t he effec ts  
of  shape of  rod and bi t  (e .g . ,  rod diameter,  b i t  d iameter )  on the im pact  
penetrat ion behavior  o f  but ton bi ts  was  discussed.  A new numer ical  bi t - rock  
interac t ion  model  for  the bu tton b i t s  pene trat ion into  Inada granite  was  
proposed.  
 
In  Chapte r  6 ,  a  new consecutive percuss ive dri l l ing model  was proposed,  
which was based  on the 1D theory of  e last ic  waves and modif ied  from the 
Okubo-Nishimatsu ’s  model .  Compared to  the Okubo -Nishimatsu’s  model ,  the  
aspects  o f  the s tress  wave propagat ion in  rods  and rod  jo ints  and the bi t - rock  
interac t ion were improved based on the resul ts  of  Ch apters  3 ,  4  and 5.  The 
var ia t ion in  the bi t - rock contact  condi t ion  wi th  each blow dur ing consecutive  
percussive dr i l l ing was modeled and combined into  the new model  to  make  
the s imula t ion as  c lose  as  possib le  to  the ac tual  dr i l l ing condi t ions .  
 
In  Chapter  7 ,  the conclusions  f rom each  chapter  and  the  fu ture  work a re  
summarized.   
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Chapter 2 Percussive dril l ing (Literature review ) 
 
2.1 History of  percuss ive dr i l l ing  
Percussive  dri l l ing  was  f i rs t  developed  by the  Chinese more  than  4,000 years  
ago,  and in  i ts  ear ly s tage entai led ra is ing and dropping a  hea vy pie rcing tool  
to  cut  and loosen ear th  mater ia l .  A cu tt ing head was secured to  bamboo rods,  
which were l inked toge ther  to  dr i l l  to  3 ,000 -foot  (915 m) depths.  The rais ing  
and dropping of  the bamboo dr i l l  s t r ing a l lowed i t  to  impact  and f racture  the  
less  dense rock formations.  I t  was repor ted  to  a lways take two to  three  
generat ions of  workers  to  complete  la rge wells  (Treadway 1997).  The earl ies t  
s tream-dr iven rock dri l l  was inven ted by Richard Trevi thick in  1813 (Weston  
1910) for  dr i l l ing in  l imestone.  In  1 849,  J .  J .  Couch,  American inven tor,  
made  the  f i rs t  percussion rock dr i l l ,  which  was powered  by s team.  In  1866,  
pneumatic  rock  dri l l  of  which  hammer was  dr iven  by compressed a ir  became 
pract ica l .  In  the la te  1880s,  C.  H. Shaw devised a  hammer dri l l  in  whic h the 
pis ton was separa ted from the rod and hammered i t  each cycle ,  thereby 
increas ing the b low f requency and the pene tra t ion ra te .  
 
In  1897,  J .  G.  Leyner  patented a  ho llow rod through which ai r  was  pumped  
and f lushed out  the cu t t ings.  Then,  water  soon rep laced ai r,  which  reduced 
the dust .  In  the 1940s,  dr i l l  rods with  s inte red tungsten carbides b i ts  came 
onto the market ,  which had a  profound effect  on the logis t ics  of  hard rock 
dri l l ing.  In  the ear ly 1970s,  the French f irm of  Montaber t  deve loped the f i rs t  
working hydraul ic  percussive rock dr i l ls  and  took the lead in  producing and  
market ing the  hydraul ic  dr i l ls .  S ince the  1980s,  percuss ive dr i l l ing also  
gained more and more interes ts  in  o i l  and  gas industr ies  with  increasing  
potentia l  in  hard rock  formations .  However,  poor  understand ing of  dr i l l ing  
fundamenta ls  and economical  uncerta int ies  great ly jeopardize  the acceptance  
of  percuss ive dr i l l ing technology into  o i l  and gas indust r ies .  
 
2 .2  Rock dri l l ing methods  
Fig.  2 .1  shows the  rock dri l l ing methods,  which are  main ly divided  into  two 
types— rota ry dri l l ing and rotary percussive dri l l ing.  Both of  them are  used in  
mining,  o i l  and water  well  dr i l l ing and civi l  engineering,  e tc .  
 
Fig .  2 .1  (a )  shows the rotary dr i l l ing of  which bi t  is  ro tated in  the hole  by a  
dr i l l ing column driven  from a rotary table  on the surface.  Commonly,  i t  is  
applied to  d r i l l  ho les  with  d iameters  la rger  than 152 mm, and the deeper  the  
hole ,  the more appl icabl e  the method.  I t  is  subdivided in to  ro tary cu tt ing and  
rotary c rushing.  Rotary cu tt ing crea tes  a  ho le  by shear  fo rces  and breaks the  
rock’s  tensi le  s t rength ,  while  ro tary crushing breaks the rock by h igh point  
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load accomplished  by a  toothed  bi t  which is  pu shed downwards with  h igh 
force (Fernberg 2008).   
 
Rotary percuss ive dri l l ing breaks a  rock by repeated impac ts  t ransfe r red from 
a rock dr i l l  to  a  b i t  a t  the bottom of  the ho le .  Compared to  the ro tary dri l l ing,  
the rota ry percuss ive dri l l ing is  used to  dr i l l  smal l  to  medium diameter  holes  
in  a l l  k ind of  rocks  for  both surface  and underground (Haq 2010).  The rota ry 
percussive dr i l l ing is  a lso class if ied into  two large groups depending upon 
where the p is ton is  mounted.  
 
Fig.  2 .1  (b)  shows the top hammer dr i l l ing of  which rock dri l l  is  mounted on a 
crawler  or  a  jumbo and indirec t ly connected with  a  bi t  through rods and rod 
joints  (J imeno et  a l .  1995).  The rods (see  Fig.  2 .2)  t ransfe r  both the impac t  
energy and the rota t ion to  the bi t  ( see Fig.  2 .3) .  With an increase in  the  
borehole  depth,  the rods are  coupl ing to  each other  by rod join ts  (see   
 Fig .  2 .4 ) .  One weakness  wi th  the dr i l l ing sys tem is  that  i t  i s  l imi ted 
by dri l l ing depth.  Because almost  10 % of  the impac t  energy is  lost  by one  
rod join t  (Fukui  e t  a l .  2007).  
 
Fig .  2 .1  (c)  i l lustra tes  the down -the-hole  (DTH) dri l l ing of  which rock  dri l l  i s  
indirec t ly connected to  a  bi t .  The rock dri l l  is  pis ton shape mounted in  a  
cyl inder,  which  i s  pushed down to  the bo ttom of  the  hole .  The bi t  rotat ion is  
performed by a  ro tat ion uni t  loca ted ou ts ide the  hole .  The rotat ion is  
t ransfe rred  by p ipes,  to  which  the  rock  dr i l l  is  connec ted.  The  advantage of  
the DTH dri l l ing  is  tha t  there  is  no power loss  caused by rod  jo ints ,  thus  no  
need to  worry about  the power loss  wi th  the borehole  depth.  The DTH’s 
greates t  disadvantage is  corros ion so i t  mus t  be kept  wel l  lubr icated at  a l l  
t imes.  The DTH dri l l ing is  used for  dr i l l ing holes  wi th  diameters  la rger  than 
120 mm.  
 
2 .3  Mechanism of  top -hammer dr i l l ing  
In  th is  s tudy,  the dr i l l ing process  wi th  the hydrau lic  percussion rock dri l l  
which wil l  be discussed la ter  is  the top -hammer dr i l l ing.  The top -hammer  
dri l l ing sys tem is  main ly composed of  a  rock dri l l  body,  rods and rod joints ,  
and a  bi t .  The rock dr i l l  body genera tes  e last ic  s tress  waves,  rods  and rod 
joints  t ransfer  and  at tenuate  the  waves ,  and  a  bi t  t ransmi ts  the s tress  wave  
energy to  rock.  The mechanism of  the dr i l l ing sys tem is  divided into  four  
act ions :  percussion,  ro tat ion,  thrust  fo rce,  and f lush ing;  
 
Percussion of  the pis ton generates  s tress  waves in  the d ri l l ing process  with  a  
hydrau lic  rock dri l l .  Th e kinet ic  energy of  the pis ton is  t ransmit ted to  the bi t ,  
through the rods and rod joints  in  the form of  s tress  waves.  When the waves  
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reach the bi t ,  pa r t  of  the kinet ic  energy i s  t ransformed in to  work,  part  
radiates  into  the rock,  and the rest  is  ref lected  from the bi t  and returns to  rods.  
The work performed on the rock goes  in to  new sur face energy,  e last ic  s tra in  
energy,  kine t ic  energy,  heat  and other  fo rms  of  energy,  in  propor t ions that  
vary during the bi t -rock interac t ion (Lundberg and Collet  2010).  
 
Rotat ion turns the bi t  between consecut ive blows so that  the bi t  can impac t  on 
different  pos i t ions of  the rock in  the bottom of  the borehole .  There exis ts  an  
optimum rota t iona l  speed which produces  la rge -s ized cut t ings for  each rock  
type .  Thus,  the rota t ional  speed needs  to  be set  to  su i t  the rock hardness  of  
the rock.  
 
Thrust  force is  suppl ied by a  motor  in  order  to  ensure the bi t  in  permanent  
contact  wi th  the rock.  The s ize  of  the th rust  force should match the rock and 
bi t  types  because insuff ic ien t  or  exces s ive thrust  force  can lead to  negative  
effec ts .  In  the case of  the insuff ic ien t  thrus t  force,  the penetrat ion rate  drops 
down whi le  wears  on rods and rod jo ints  are  intensi f ied and the rod thread are  
loosened and heated.  In  the case o f  the  excessive th rust  force,  the penetrat ion  
rate  decreases  whi le  the rotat ion resis tance increases ,  which leads to  the rod  
be jammed,  wear  on the bi t  and vibrat ion on  the equipment be increased,  and  
causes boreholes  to  be devia ted (J imeno e t  a l .  1995).  
 
Flushing is  used  to  c l ear  the  rock  debr is  f rom the borehole .  If  evacua ting dri l l  
cut t ing not  mainta ining the clean by as  soon as  they appear,  a  large  quanti ty  
of  energy wil l  be consumed in  regr inding.  Borehole  f lushing is  ca r r ied out  
with  a  f low of  a ir,  water  or  foam that  is  in jected by pressure to  the bottom 
through an opening  in  the cente r  of  the rod and f lush ing holes  in  the bi t .  Air  
f lushing is  used for  surface dri l l ing while  water  f lush ing for  underground  
dri l l ing.  
 
2 .3 .1  Stress  wave propagation with in  rods  
Fig.  2 .5  shows tha t  the kinet ic  energy of  the  pis ton  is  t ransmit ted to  the bi t  
through the rods and the rod joints ,  in  the fo rm of  e las t ic  waves.  Fig.  2 .5  (a)  
shows s t ress  wave propagation in  rod a f ter  the  impact  of  the pis ton on the rod 
end.  The pis ton and the rod are  s impl if ied as  two s imple c ircu lar  cyl inders ,  
which have uni form cross -sec t iona l  area and acoust ics  impedance .  Ini t ia l ly,  
the le f t  end of  the  rod is  s ta t ic .  In  Fig.  2 .5  (b) ,  the wave has  a lready 
transmit ted to  the bi t  end.  In  the case of  a  free  end,  the compressive  incident  
wave ref lec ts  as  a  tension wave.  The s tress  s ta te  of  the overlap ped part  of  the  
incident  and ref lected waves is  ze ro,  and the part ic le  ve loci ty o f  the  
over lapped part  is  doubled and equal  to  the impac t  veloc i ty of  the p is ton.  The  
advancement ∆𝑑 of  the bi t  is  calcula ted as  fo l lows;  
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∆𝑑 = 2 × 2𝑙𝑝 × 𝜀 = 4𝑙𝑝
𝜎
𝐸
 (2 .1)  
 
where 𝜀 and 𝜎 are  s tress  and s tra in ,  respec t ively.  𝑙𝑝 is  the  leng th of  the  
pis ton and 𝐸 is  Young ’s  modulus.  Thus,  the wave length of  the compressive  
incident  wave is  2𝑙𝑝 and the leng th of  the compressed por t ion is  2𝑙𝑝 × 𝜀.  The 
elongation,  tha t  is ,  the  advancement ∆𝑑 of  the bi t ,  is  the  double  length of  
compressed por t ion.   
 
Fig .  2 .5  (c )  i l lus tra tes  the s t ress  wave s ref lect  f rom sof t  and hard rocks ,  
respect ively.  At the beginning,  there  exis ts  a  gap between the bi t  and the rock.  
When the advancement  ∆𝑑 of  the bi t  is  less  than the s ize  of  the gap 𝑔,  the  
energy complete ly re f lects  from the b i t  as  tensi le  waves.  The s t ress  wave  
energy conver ts  in to  crushing work  wi th  the  bi t  penet rat ion into  rock.  
However,  in  the case o f  hard rock,  i t  is  d i ff icul t  for  the bi t  to  penet rate  in to  
rock due to  the la rge  resis tance f rom the rock,  thus,  the energy a lmost  
ref lec ts  f rom the bi t  as  compress ive wav e.   
 
I t  can be seen tha t  the performance  and e ff ic iency of  the rock dri l l  are  
affec ted by the shape of  the s tress  wave and by the bi t -rock contact  condit ion.  
In  actua l  percussive  dri l l ing,  the  wave is  more compl icated than  the above  
one.  Dutta  (1968) used a  computer  code to  determine the shape of  the s tress  
wave produced by a  percussive pis ton of  complex geometry.  Chiang and Elias  
(2008) modeled the impact  of  the pis ton on the bi t  and the rock fragmentat ion 
caused by the b i t  penet rat ion  into  rock wi th  three -dimensiona l  i soparametr ic  
e lements .  They a lso inves t iga ted the e ffec t  o f  the  complex  pis ton geometry 
on percussive dri l l ing.  
 
2 .3 .2  Stress  wave a t tenuation a t  rod jo ints  
In  percussive  long -hole  dr i l l ing wi th  a  hydraulic  percuss ion rock  dri l l ,  rods 
are  jointed to  each other  by rod join ts  a t  their  ends.  A sleeve -type rod joint  is  
a  coupling s leeve  (CS)  wi th  in terna l  thread into  which the  threaded ends of  
the rods are  screwed in  end -to -end contact  with  each other.  The schematic  
i l lust rat ion of  the rod joint  i s  shown Fig.  2 .6  (a) .  There are  two major  ways in  
which the rod join ts  may reduce the energy t ransfe r  eff ic iency,  namely 
ref lec t ion and diss ipa t ion of  s tress  wave energy.  Reflec t ion occurs  due to  the  
geometr ical  changes a t  the rod  jo ints  re la t ive to  the uniform rods.  Dissipat ion 
is  due to  fr ic t ion and relat ive s l ip  of  the th reads of  the rod join ts .   
 
There are  various numerica l  models  for  modeling the rod jo int .  Fischer  
(1959) represented the  rod join t  as  a  swell  on a  one -dimens ional  e last ic  rod 
(characte r is t ic  impedance or  CI model)  shown in  Fig.  2 .6  (b) .  As  shown in  
Fig.  2 .6  (c) ,  Lundberg (1973) represented the rod join t  as  a  r igid  mass  
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between one -dimensional  e last ic  rods (r igid  mass  or  RM model) .  However,  
the CI and  RM models  for  a  s leeve -type  rod joint  have  severa l  shortcomings.  
Some of  these  are  the fol lowing:  ( i )  they do not  a l low for  axia l  mobil i ty of  
the rod join t  re la t ive to  the rods and therefore  predic t  no diss ipa t ion.  ( i i )  
Because of  thei r  l inearly they predic t  no dependence of  re la t ive energy 
transmiss ion on inc ident  wave ampli tude.  ( i i i )  They do not  a l low for  jo int  
preload.  In  spi te  of  these defects ,  the CI and  RM models  are  ab le  to  predict  
energy transmission wi th  fai r  accuracy under  condit ions which may preva il  in  
percussive  dri l l ing (Lundberg et  a l .  1989).  Beccu and Lundberg  (1990) 
c lar i f ied that  the e ff ic iency along the axis -d irect ion of  energy transmission 
increased and energy diss ipa t ion decreased when the leng th of  the hammer  
var ied from rela t ive ly short  to  re la t ively long and that  the eff ic iency of  the  
percussive dri l l ing process  decreased wi th  the number of  join ts  but  depends  
l i t t le  on the join t  preload.  Okubo et  a l .  (1994) a lso inves t iga ted the effec t  of  
the preload on the e ff ic iency of  energy t ransmiss ion,  and found the ampli tude 
of  the re f lec ted waves decreases  with  p reload  of  the s leeve.  
 
As shown in  Fig.  2 .6  (d) ,  Hayamizu (1974) p roposed a  model  which  consis ts  
of  a  r igid  mass  and da shpots  for  the rod  jo in t  with  considerat ion of  energy 
diss ipa t ion.  On the basis  of  exper imental  observa t ions,  Lundberg et  a l .  
(1989) establ ished a  nonlinear  diss ipa t ive spring (NDSM) model .  The NDSM 
model  is  i l lust rated in  Fig.  2 .6  (e ) .  The rod  joint  was represen ted by a  r ig id  
mass and the coupling through the threads be tween the rod join t  and the rods  
was represented  by an aggregate  of  spr ings and a  fr ic t ion element.  Okubo et  
a l .  (1994) proposed a  spring model  for  the rod joint .  T he spring model  of  the  
rod jo int  is  i l lus trated in  Fig.  2 .6  (f ) .  In  th is  s tudy,  a  model  combin ing the CI 
model  with  the spr ing model  are  i l lust rated in  Fig.  2 .6  (g) .   
 
2 .3 .3  Bit -rock inte ract ion  
The rock behavior  under  percussive dr i l l ing i s  a  complex problem because of  
i ts  non-l ineari ty,  and because the bi t - rock contact  condit ion is  a lso  complex  
(Shah and Wong 1997).  In  prac t ical  appl ica t ion the experimental ly obtained  
force -penet rat ion curve is  used to  represent  charac ter i s t ics  o f  bi t - rock  
interac t ion in  percussive dri l l ing for  any d i fferen t  bi t -rock combinations.  
However  i t  is  d i ff icu l t  to  d irec t ly measure the ins tantaneous  penet rat ion and  
the bi t  force during the percussive  dri l l ing.  Fa irhurst  (1961)  indirect ly  
measured the inciden t  and ref lec ted waves  on a  hammer dr i l l ing sys tem by 
s tra in  gauges,  and derives  the force -pene tra t ion character is t ic  based on the 
fact  that  the resul tant  force on the bi t  must  equal  the force on  the rock,  that  
is ,   
 
𝐴(𝜎𝑖 + 𝜎𝑟) = 𝐹 (2 .2)  
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where 𝐴  is  the c ross -sect iona l  area o f  the  bi t ,  and 𝜎𝑖  and 𝜎𝑟  are  the  
incident  and re f lec ted s tress  waves,  respect ively.  Besides tha t ,  i f  the  bi t  is  
assumed to  be ini t ia l ly  s ta t ionary,  the veloc i ty 𝑣𝑏 of  the bi t  can be obtained  
by  
 
𝑐
𝐸
(𝜎𝑖 − 𝜎𝑟) = 𝑣𝑏 (2 .3)  
 
where 𝐸 is  the Young’s  modulus and 𝑐 is  the e last ic  wave speed.   
 
In  the s tudy of  Fa irhurst  (1961),  the s t ra in  was on ly measured at  one 
cross -sec t ion,  which resul ted  in  the  gauges  could not  be a t tached too close  to  
the bi t  end  in  order  to  ensure the  inc ident  and  ref lected waves do  not  overlap  
each other  a t  the measurement poin t .  Yanagihara  (1977),  and Lundberg and  
Henchoz (1977) improved the measurement method wi th  adding  another  
measurement po int .  The res tr ic t ion d isappears  on ce the s tra ins  are  measured  
at  two c ross -sect ions:  the waves  do not  need to  be separated  whi le  measuring,  
s ince they can be separated in  the ana lys is  of  the measured s tra ins .  The  
method is  cal led the two -poin t  s t ra in  measurement (TPSM) method,  which 
wil l  be la te r  discussed  in  Chapters  4  and 5.  The original  TPSM method was  
used for  uniform rods (Lundberg  and Henchoz 1997) and further  ex tended for  
non-uniform rods (Lundberg et  a l .  1990).  Carlsson et  a l .  (1990)  used the 
method to  ca lcula te  the force -pene trat ion curve in  a  DTH dri l l ing sys tem.  
 
The force-pene tra t ion curve measured in  the s ingle -b low impact  penetrat ion  
was shown in  Fig.  4 .3  of  Chapter  4  with  the blue color.  I t  shows that  the  
curve consis ts  o f  two successive phases,  one associa ted with  the loading  and  
the other  wi th  the unloading.  In  previous s tud ies  ( Lundberg 1982;  Karlsson  e t  
a l .  1989;  Lundberg and  Okrouhlik  2001;  Chiang and Elias  2008;  Saksala  2011,  
2013;  Depouhon et  a l .  2015),  the curve was  s impl if ied as  a  bi l inear  model  
shown in  Fig.  2 .7  and expressed as  the fo l lowing mathemat ica l  equation:  
 
𝐹 = {
𝐾𝑢                                            𝑓𝑜𝑟 𝑙𝑜𝑎𝑑𝑖𝑛𝑔
𝐹𝑚𝑎𝑥 − 𝛾𝐾(𝑢𝑚𝑎𝑥 − 𝑢)            𝑓𝑜𝑟 𝑢𝑛𝑙𝑜𝑎𝑑𝑖𝑛𝑔
 (2 .4)  
 
where 𝐾 is  the  penet rat ion resis tance and 𝛾 is  the  unloading  ra te  constant .  
The value of  𝛾  is  between 0 and 1.  𝛾 = 0  corresponds to  complete ly  
inelas t ic  behavior  of  the rock while  𝛾 = 1  corresponds to  complete ly e last ic  
behavior.  The tota l  work done on the rock 𝑊𝑅 i s  calcula ted by  
 
𝑊𝑅 = 𝑊𝐿 − 𝑊𝑈 (2 .5)  
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where 𝑊𝐿 is  the work done dur ing the  load ing phase,  and 𝑊𝑈 is  the energy 
returned to  the rock dr i l l  during the unload ing phase.  𝑊𝑈 is  found by  
 
𝑊𝑈 = 𝛾𝑊𝐿 (2 .6)  
 
Stephenson (1963)  and Ajibose (2009) pointed out  the force -penetrat ion  
curve  is  ra te - independent ,  tha t  i s ,  i t  does not  s ignif icant ly depend on the  
impact  ve loci ty of  the  bi t  in  the range of  veloci t ies  spanned in  percussive  
dri l l ing.  However,  the  experimental  resul t  o f  Okubo et  a l .  (1992)  reported  
that  the s lope of  the force -penet rat ion curve in  impac t  penet r at ion tes t  is  
larger  than that  in  quas i -s ta t ic  penet rat ion tes t .  
 
2.4 Experimenta l  s tudies  of  percussive dr i l l ing  
As ment ioned above,  many fac tors ,  inc luding hydrau lic  pressure,  th rust  force,  
number o f  the rods,  design of  the bi t ,  and mechanical  proper t ies  of  the rock,  
have remarkable  inf luence on the eff ic iency of  the percussive dri l l ing.  In  this  
sect ion,  common experimental  s tudies  re levant  to  percuss ive  dri l l ing are  
reviewed.  These experimental  s tudies  inc lude  two k inds o f  impac t  penetrat ion  
tests ,  percu ssive  long -hole  dr i l l ing tes t  and s ingle -b low impact  penetrat ion  
(SBIP) tes t  tha t  are  per formed by Fukui  e t  a l .  (2007,  2010),  wi l l  be  d iscussed 
in  deta i l ,  because  the  measured resul ts  in  the tes ts  were  used to  build  and  
val idate  numer ical  models  of  percuss ive dr i l l ing in  th is  s tudy.  In  Chapter  3 ,  
the rod s t resses  measured in  the percuss ive long -hole  dr i l l ing  tes t  with  the  
HD 210 hydraul ic  percussion rock dri l l  are  used to  determine the best  
parameter  va lues of  numerica l  models .  The  rod s tresses  measured in  the 
s ingle  blow impact  penetrat ion (SBIP) tes t  wi th  the  HD712 hydrau lic  
percussion rock dr i l l  a re  used to  check whether  the va lues of  parameters  of  
the numer ical  model  have universa l  nature .  In  Chapters  4  and 5,  the rod  
s tresses  measured in  the SBIP tests  are  used for  calcu lat ion of  
force -penet rat ion with  the two -poin t  s t ra in  measurement (TPSM) method.   
 
2 .4 .1  Quasi -s ta t ic  pene trat ion test  
Quasi-s ta t ic  penetrat ion tes t  i s  to  s tudy rock deformat ion and  frac ture  
mechanism under  d i fferent  b i t s .  Figs .  2 .8  (a)  and (b)  show the schematic  
i l lust rat ions o f  the quasi -s ta t ic  penetra t ion  test  and  the  impact  penetrat ion  
test  used in  Okubo et  a l .  (1992).  A one -but ton  bi t  with  a  radius  of  7  mm and 
nine rocks were used in  the s tudy.  The diffe rence between force -penetrat ion  
curves derived f rom the impact  penet rat ion test  and those der ived from the  
quasi -s ta t ic  penet rat ion test  was observed and formula ted as  fol lows:  
 
𝐾𝑑 ≈ 1.2𝐾𝑠 (2 .7)  
13 
 
where 𝐾𝑑  and 𝐾𝑠  are  the  s lopes  of  force -penetrat ion curves in  impact  
penetrat ion test  and in  quasi -s ta t ic  penet rat ion test ,  respec t ive ly.   
 
2 .4 .2  Stress  wave propagation and dissipa t ion  test  wi th  rod join ts  
The transmiss ion and diss ipat ion behavior  o f  s tress  waves is  a  c r i t ical  fac tor  
in  percussive  long -hole  dr i l l ing.  S tress  wave transmission  and d iss ipat ion  
test  i s  a  t radi t iona l  experimental  method to  s tudy on the transmission and  
diss ipa t ion  behavior  of  s t ress  waves  when the w aves travel  th rough rod join ts .  
Fig.  2 .9 (a)  and (b)  show the schematics  o f  the tests  wi th  a  hammer and with  a  
rock dri l l ,  respect ively.  In  Fig .  2 .9 ,  two  rods  are  coupled to  each o ther  by a  
s leeve-type rod join t  with  interna l  threads into  which their  threaded ends are  
screwed in  end -to -end contact  with  each other.  
 
2 .4 .3  Percussive long -hole  dr i l l ing test  
Percussive long -hole  d r i l l ing tes t  as  a  f ie ld  tes t  was very c lose to  the actual  
percussive  dri l l ing and had an advantage on  contro l l ing dri l l ing condit ions  
(Fukui  e t  a l .  2007).  Fig.  2 .10 (a)  shows the  overa l l  v iew of  the percussive  
long-hole  d r i l l ing test ,  and Table  2 .1  l is ts  the used components  in  this  tes t .  
The HD210 hydraul ic  percussion rock dri l l  manufactured by Furukawa Rock 
Dri l l  Co. ,  Ltd.  The pis ton,  which is  600 mm in leng th,  wi th  maximum and 
minimum diameters  of  52 mm and 38 mm, respect ive ly,  i s  reciprocated by 
hydrau lic  p ressure .  The shank rod,  which i s  430 mm in length,  wi th  maximum 
and minimum diameters  of  60 mm and 41 mm,  respec t ive ly,  has  spl ines  for  
rotat ion at  i ts  end.  The  shank rod is  a  hol low tubular  s truc ture ,  except  for  the  
port ion of  the spl ines .  The rod joint  is  a  s leeve type wi th  a  T38 thread,  which  
is  190 mm in length and 55 mm in outer  diameter.  The extens ion  rod is  a  
hollow cyl inder,  3660 mm in length,  with  outer  and inner  diameters  of  39 mm 
and 14.3 mm,  respec t ively.  The connec tion between the rod and b i t  is  a  T38  
thread.  Ten carbide  bu tton t ips  a re  embedded in  the b i t ;  four  of  which a re  
face t ips  9  mm in d iameter,  whi le  the other  s ix  are  gauge t ips  11 mm i n  
diameter.  The b i t ,  inc luding the t ips ,  is  64 mm in nomina l  diameter  and 136 
mm in length.  
 
As shown in  Fig.  2 .10 (b) ,  the HD210 hydraulic  percussion rock dri l l  has  a  
damper system composed of  a  damping pis ton and a  pushing pis to n.  The 
thrust  fo rce was app lied to  rods through the pushing pis ton  which  was dr iven  
by the  hydraul ic  pressure (damper p ressure) .  The vibrat ion of  the rock dri l l  
body caused by s t ress  waves ref lected from the bi t  end was reduced  with  the 
aid  of  the absorpt ion of  the damping pis ton.  
 
Rods were passed through predri l led  holes  with  the  diameter  of  64mm in  
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Inada gran ite  b locks to  avoid bending.  The dis tance between two rock blocks  
was equal  to  the leng th of  a  rod,  thus a  s leeve can be mounted between the 
two blocks.  The overal l  leng th of  the dri l l ing s tr ing system varied from 
one-rod length (3 .66 m) to  ten -rod  leng th (36.6 m)  wi th  the increase of  the  
number o f  rods.  Two kinds of  the th rust  pressure,  10 MPa and 12 MPa,  were 
used.  The percussive  long -hole  dr i l l ing test  was car r ied out  under  20 
different  k inds of  experimental  condit ions.  
 
Rod s tresses  were measured by s t ra in  gauges (KFG -2-120-D16,  manufactured  
by Kyowa Electron ic  Instruments  Co. ,  Ltd.) .  The gauges were  at tached at  two  
locat ions:  one was 50  cm from th e f ront  end  of  the shank  rod  and the other  
one was 50 cm from the back end of  the bi t .  When only one rod was used ,  
only one locat ion was  selec t  to  measure  by one s tra in  gauge .  While  when  
more than 3 rods were used ,  two stra in  gauges were a t tached on  the f i rs t  and  
last  rods ,  respect ively.  Other  rods were inser ted between them.  To cancel  out  
the bending s t ra in ,  two  stra in  gauges  were  at tached on opposi te  s ides  of  each  
point  in  the longitudinal  direc t ion of  the rod.  The gauges were direct ly  
connected to  cab les  wi thout  us ing gauge terminals  through a  t r ia l -and-error  
process .  The part  of  the cable  near  the gauges  was  f ixed on the rods by ins tant  
glue.  The cables  were  easi ly cut  during rotary percuss ive dr i l l ing so they 
were wrapped around  the rod 30 turns in  adva nce.  The durat ion t ime was 25 s  
from rewinding 30 tu rns to  wind ing 30 turns  again wi th  the ro tat ional  speed 
of  142 rpm.  It  was  enough to  measure s tra in  of  10 s .  Durab le  normal gauges  
were chosen  because the noise  in  the s ignal  was rela t ive ly low.  An al tern at ive  
measurement method with  an accelerometer  was not  adopt ed because i t  is  
easi ly b roken.  
 
The hydraul ic  pressures  (operat ing pressure ,  rotary pressure,  and damper  
pressure)  were measure wi th  a  f lush d iaphragm pressure t ransducer  (Type  
PWF-50MPA, manufac tured by Tokyo Sokki  Kenkyujo Co. ,  Ltd) .  The 
displacement  of  the rear  end of  the rock  dri l l  was  measured  with  a  laser  
displacement meter  (3Z4M -S22,  manufactured by Omron Corporat ion) .  The 
rate  of  pene tra t ion (ROP) is  equal  to  d ividing the d isp lacement by t he  
percussive t ime.  Al l  data  were recorded with  a  data  logger  (Type 8826,  
manufactured by Hioki  E.  E.  Corporat ion) .  The s tra in  was recorded at  a  
sampl ing frequency of  1  MHz,  while  other  parameters  a t  a  sampling  
frequency of  10 kHz.  
 
To coordinate  with  the  operat ing pressure,  the thrust  was ad justed to  8  kN 
through a  th rust  cyl inder.  The average opera t ing pressure was adjusted to  15  
MPa,  which was lower than that  in  the actual  percuss ive dri l l ing.  The oi l  
quanti ty de l ivered by a  hydraul ic  motor  was adjusted to  ensure the rotat ional  
speed of  142 rpm. The average damper pressure was set  to  10 MPa,  or  12 MPa 
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for  keeping a  ba lance between the  thrusts  o f  the dr i l l  body and damper.  
 
2 .4 .4  Single -b low impact  penetra t ion (SBIP) tes t  
The s ingle -b low impac t  penet rat ion  (SBIP) tes t  is  a  specia l  laboratory tes t  of  
which tes t  condit ions are  careful ly con tro l led to  implement only one impac t  
of  the pis ton on the rock for  the rock dri l l .  With the aid  of  the SBIP test ,  the  
performance  compar ison among di fferent  specif ica t ions of  a  component  in  
the rock dri l l  ·under  the same dri l l ing condit ions can be accurately  
implemented.    
 
Fig .  2 .11 shows the impac t  penet rat ion tester,  and Table  2 .2  l is ts  the used  
components  in  this  tes t .  The tester  consis ts  of  the  same p is ton,  shank rod,  rod  
joint ,  extens ion rod and bi t  as  used in  an actual  rock dr i l l  manufac tured by 
Furukawa Rock Dri l l  Co. ,  Ltd.  Al l  the components  are  rep laceable .  The 
pis ton,  which  is  710 mm in length,  wi th  maximum and minimum diameters  of  
52 mm and 36 mm, respect ive ly,  i s  reciprocated by hydrau lic  pressure.  The 
shank rod,  which  is  790 mm in length,  wi th  maximum and  minimum diameters  
of  51 mm and 31  mm,  respec t ive ly,  has  sp l ines  for  rotat ion at  i ts  end.  The 
shank rod is  a  ho llow tubular  s truc ture ,  excep t  fo r  the port ion of  the  spl ines .  
The rod join t  is  a  s leeve type with  a  T38 th read,  which is  190 mm in leng th  
and 55 mm in outer  diameter.  The extension rod is  a  ho llow cyl inder,  3660  
mm in length,  with  outer  and inner  diameters  of  39 mm and 14.3 mm,  
respect ively.  The connection be tween the rod  and bi t  is  a  T38 thread.  Twelve 
carbide bu tton t ips  are  embedded in  the bi t ;  four  of  which a re  face  t ips  10 mm 
in diameter,  while  the other  e ight  are  gauge t ips  11 mm in diameter.  The bi t ,  
including the t ips ,  is  64 mm in nominal  d iameter  and 136 mm in length.  
 
As shown in  Fig.  2 .11 (b) ,  s t ra in  gauges for  s tee l  (KFG -2-120-D16,  
manufactured  by Kyowa Elec tronic  Ins truments  Co. ,  Ltd. )  were a t tached a t  
two poin ts :  𝐴 and 𝐵 on the rod.  Point  𝐴 is  1000 mm from the back end of  
the rod,  and point  𝐵 is  750 mm from the f ront  end of  the rod.  To cancel  out  
the bending s t ra in ,  two  stra in  gauges  were  at tached on opposi te  s ides  of  each  
point  in  the longitud inal  di rect ion of  the  rod.  Stra in  was recorde d at  a  
sampl ing frequency of  1  MHz on a  data  logger  (Type 8826,  manufac tured by 
Hioki  E.  E.  Corporat ion) ,  through a  s tra in  ampli f ier  (CDV-230C, 
manufactured by Kyowa Electronic  Inst ruments  Co. ,  Ltd) .  The gauge factors  
of  the s tra in  gauges were cal ibra ted b y s ta t ical ly load ing the rod before  the  
tests .  
 
The components  f rom the shank rod to  the bi t  are  rota ted in  percussive  
dri l l ing.  To obtain  force -pene tra t ion curves in  rotary percussive dri l l ing,  i t  is  
necessary to  measure  rod s t ress  wi th  the cables  f rom th e s tra in  gauges 
wrapped around the rod by a  few dozen tu rns.  However,  these cables  are  
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easi ly cu t  during the test .  Moreover,  in  ro tary percussive dr i l l ing,  tors ional  
s tress  is  included  in  the rod  s t ress ,  which  is  one of  the  er ror  factors  in  
measurement.  To overcome these shortcomings  in  this  s tudy,  the components  
from the shank rod to  the bi t  were ro tated  25.7°,  which  is  1/14 rota t ion,  by 
hand af ter  each pene trat ion.  
 
The test ing procedure i s  as  fol lows;  
1)  The pis ton co ll ides  with  the shank rod and the bi t  penetra tes  into  rock,  
which i s  cal led a  s ingle -b low impac t  penetra t ion (SBIP) tes t .  
2)  Rock debris  is  removed.  
3)  The threads of  the  rod joint  and the bi t  are  t ightened.  
4)  The components  from the shank rod to  the bi t  are  rota ted 25.7°.  
5)  Thrust  force is  loaded via  the thrus t  cyl inder.  
6)  Return to  1 ) .  
 
The hydrau lic  pressure  used to  move  the  pis ton was set  to  15 MPa,  a t  which  
pressure  the p is ton ve loci ty was  10.4 m/s  just  pr ior  to  co l l is ion with  the  
shank rod.  The  t ighten ing torque  was  se t  to  500 Nm,  and  the thrus t  fo rce was  
set  to  2 .5  kN.  
 
A block of  Inada  grani te  obtained  in  Ibarak i  Prefecture ,  Japan,  was  used in  
the  tes ts .  The uniaxia l  compressive s treng th and Young’s  modulus of  the  
granite  were 148 MPa and 51.4 GPa,  respec t ive ly.  The b lock was  held in  
place with  s teel  j igs  so  that  i t  would not  move  during the tes ts .  The measured 
displacement of  the b lock during the tes t  was less  than 0.02 mm, which was  
negligib le  compared with  the pene tra t ion of  the bi t .  The tests  were s tar ted 
with  the  bi t  in  the boreh ole ,  which had  been dri l led beforehand.  The SBIP test  
was repea ted 42 t imes.  
 
2 .4 .5  Two-poin t  s t ra in  measurement (TPSM) method  
Bit  force and penetra t ion in  percuss ive dr i l l ing have been ca lcula ted from the  
s tra in  measured a t  one or  two cross -sec t ions  of  the rod.  When the s tra in  i s  
only measured a t  one  c ross -sec t ion,  there  is  a  l imi tat ion for  the b i t  length in  
order  to  avoid  inc iden t  and ref lected  waves  overlapp ing each o ther  a t  the  
measurement point .  When the s tra in  is  measured at  two cross -sec t ions,  there  
is  no such res tr ic t ion.  The method measured  s tra in  a t  two cross -sect ions o f  
the rod is  ca l led the two -poin t  s tra in  measurement (TPSM) method and is  
reviewed in  the fol lowing.   
 
As shown in  Fig.  2 .12 (a) ,  the  rod  and bi t  are  subdiv ided into  the same 
elements  in  length,  and numbers  are  ass igned from poin t  𝐴.  𝑍(𝑖) is  the 
average  acoust ic  impedance (= average c ross -sec t iona l  area  ×  Young’s  
modulus/e las t ic  wave veloc i ty)  o f  the i - th  e lement.  𝑝(𝑡, 𝑖) and 𝑛(𝑡, 𝑖) are  the 
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average forces  with  the elast ic  waves to  the bi t  ( r ightward)  and to  the shank  
rod ( le f tward) ,  respect ive ly,  in  the  i - th  e lement a t  the t ime 𝑡.  The forces  are  
posi t ive in  tension.  
 
In  the teste r  shown in  Fig.  2 .11 (b) ,  the dis tance between point  𝐵,  the  𝑖𝐵- th  
e lement,  and the bi t  end is  not  long enough in  com par ison with  the wave  
length.  Therefore  the combinat ion of  𝑝 and 𝑛 is  measured at  𝐵,  and this  
needs to  be separated  into  𝑝 and 𝑛.  I f  the elast ic  wave is  assumed not  to  
a t tenua te  from 𝐴 to  𝐵,  the  fol lowing formulae are  obtained :  
 
 
𝑝(𝑡, 𝑖𝐵) + 𝑛(𝑡, 𝑖𝐵) = 𝑆𝜎𝐵(𝑡) (2 .8a)  
       −𝑝(𝑡 − 2𝑡𝐴𝐵, 𝑖𝐵) + 𝑛(𝑡 − 2𝑡𝐴𝐵, 𝑖𝐵) = 0    (𝑡 < 2𝑡𝐴𝐵) (2 .8b)  
       −𝑝(𝑡, 𝑖𝐵) + 𝑛(𝑡, 𝑖𝐵) = −𝑝(𝑡 − 2𝑡𝐴𝐵, 𝑖𝐵) + 𝑛(𝑡 − 2𝑡𝐴𝐵, 𝑖𝐵) 
            +𝑆𝜎𝐵(𝑡) + 𝑆𝜎𝐵(𝑡 − 2𝑡𝐴𝐵) − 2𝑆𝜎𝐴(𝑡 − 𝑡𝐴𝐵)    (𝑡 ≥ 2𝑡𝐴𝐵) 
(2 .8c)  
 
where 𝑆  is  the c ross -sect iona l  area o f  the  rod,  and 𝑡𝐴𝐵  is  the wave  
propagation t ime f rom 𝐴  to  𝐵 .  The s tresses  𝜎𝐴  at  A and 𝜎𝐵  a t  𝐵  are  
calcula ted by mul t ip lying  the  measured stra ins  by Young’s  modulus,  and  
therefore  Eq.  (2 .8c)  is  calcula ted ser ia l ly.  Separated p and n at  𝐵  are  
obtained as  the solu t ions to  the s imultaneous equations of  Eqs.  (2 .8a) ,  (2 .8b)  
and (2.8c) .  I f  the dis tance between po int  𝐵 and the bi t  end is  long eno ugh in  
comparison wi th  the wave length,  𝑝 and 𝑛 a t  𝐵 are  measured separately,  
and the o ther  measurement po int  and the ca lcula t ion of  Eqs.  (2 .8a) ,  (2 .8b)  
and (2.8c)  are  no t  necessary.  
 
∆𝑡  is  the wave propaga tion t ime th rough an element.  𝑝  and 𝑛  a t  𝑡  are  
calcula ted from 𝑝 and 𝑛 a t  𝑡 − ∆𝑡 as  fo l lows:  
 
𝑝(𝑡, 𝑖 + 1) = 𝑇𝑝(𝑖)𝑝(𝑡 − ∆𝑡, 𝑖) + 𝑅𝑛(𝑖)𝑛(𝑡 − ∆𝑡, 𝑖 + 1) (2 .9a)  
𝑛(𝑡, 𝑖) = 𝑅𝑝(𝑖)𝑝(𝑡 − ∆𝑡, 𝑖) + 𝑇𝑛(𝑖)𝑛(𝑡 − ∆𝑡, 𝑖 + 1) (2 .9b)  
 
where 𝑅 and 𝑇 are  the ref lect ion and  t ransmission rat ios ,  respect ively,  and  
the suff ixes  correspond to  𝑝  and 𝑛 .  𝑅  and 𝑇  are  calcu lated  f rom the 
impedances of  ad jacent  e lements  as  fo l lows:  
 
𝑅𝑝(𝑖) =
𝑍(𝑖 + 1) − 𝑍(𝑖)
𝑍(𝑖) + 𝑍(𝑖 + 1)
 (2 .10a)  
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𝑅𝑛(𝑖) =
𝑍(𝑖) − 𝑍(𝑖 + 1)
𝑍(𝑖) + 𝑍(𝑖 + 1)
 (2 .10b)  
𝑇𝑝(𝑖) =
2𝑍(𝑖 + 1)
𝑍(𝑖) + 𝑍(𝑖 + 1)
 (2 .10c)  
𝑇𝑛(𝑖) =
2𝑍(𝑖)
𝑍(𝑖) + 𝑍(𝑖 + 1)
 (2 .10d)  
 
The fol lowing formulae are  obta ined from Eq.  (2 .9) :  
 
𝑝(𝑡, 𝑖) =
1
𝑇𝑛(𝑖 − 1)
𝑝(𝑡 − ∆𝑡, 𝑖 − 1) +
𝑅𝑛(𝑖 − 1)
𝑇𝑛(𝑖 − 1)
𝑛(𝑡, 𝑖 − 1) (2 .11a)  
𝑛(𝑡, 𝑖) = −
𝑅𝑝(𝑖 − 1)
𝑇𝑛(𝑖 − 1)
𝑝(𝑡, 𝑖 − 1) +
1
𝑇𝑛(𝑖 − 1)
𝑛(𝑡 + ∆𝑡, 𝑖 − 1) (2 .11b)  
 
The temporal  changes in  𝑝 and 𝑛 in  a  nearby element a re  calcula ted  by Eq.  
(2 .11)  from the temporal  changes 𝑝 and 𝑛 a t  𝐵 obtained wi th  Eq.  (2 .8) .  
Therefore  the  temporal  changes in  𝑝 and 𝑛 in  an arbi trary e lement between  
point  𝐵 and the bi t  end are  obtained wi th  repeated calcu lat ion of  Eq.  (2 .11) .  
 
The force -penet rat ion curve is  ob tained f rom the temporal  changes in  𝑝 and  
𝑛 a t  the b i t  end,  the i L- th  e lement,  using the fo l lowing f ormulae :  
 
 𝐹(𝑡) = −𝑝(𝑡 − ∆𝑡, 𝑖𝐿) − 𝑛(𝑡, 𝑖𝐿) (2 .12a)  
𝑢(𝑡) =
1
𝑍(𝑖𝐿)
∫ {−𝑝(𝑡 − ∆𝑡, 𝑖𝐿) − 𝑛(𝑡, 𝑖𝐿)}
𝑡
0
𝑑𝑡 (2 .12b)  
 
where 𝐹(𝑡) is  b i t  force pos i t ive in  compression,  and 𝑢(𝑡) is  penetra t ion.  Fig .  
2 .12 (b)  shows the f low chart  of  the ca lcula t ion procedure descr ibed in  this  
sect ion.  
 
2 .5  Numer ical  s tudies  of  percuss ive dr i l l ing  
Numerical  s imulat ion becomes more  applicable  to  deal  with  complex phys ical  
problems with  the rap id development o f  computat ional  c apabi l i t ies .  Unlike  
experiment  l imi ted by the t ime and space,  i t  can s imula te  a  very large scale  
region and las t  an almost  unl imi ted long per iod of  t ime.  I t  has  been  used to  
s tudy on percuss ive  dri l l ing for  many years .  In  l i tera ture ,  model ing  
percussive  dr i l l ing is  commonly d ivided  into  modeling  the fol lowing 
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elementary processes :  ( i )  col l is ion between a  pis ton and a  rod;  ( i i )  
t ransmiss ion of  s tress  waves in  rods ;  ( i i i )  d iss ipa t ion of  s tress  waves at  
jo ints ;  and ( iv)  in terac t ion be tween a  b i t  and  rock.  Most  s tud ies  separately  
deal t  with  the elementary processes  because  of  their  complex inte ract ions.  
Dutta  (1968) inves t iga ted the  effect  of  the geometr ical  design of  the pis ton  
on s tress  waveform with the numer ical  s imulat ion.  Okubo and Nishimatsu  
(1991) modeled the col l is ion between the pis ton and the rod as  a  spring model .  
Lundberg e t  a l .  (1982,  1985) s imula ted the propagation  of  s tress  wave  
generated by repea ted  impacts  of  the pis ton  on the rod wi th  1D theory of  
e last ic  waves.  Chiang and Elias  (2000) used  an impulse -momentum princip le  
to  replace the 1D theory of  e last ic  waves and numer ical ly s tud ied the s tress  
wave transmiss ion eff ic iency of  the down -the-ho le  dr i l l ing under  a  varie ty of  
boundary condi t ions .  Lundberg e t  a l .  (2001,  2006) s tudied the inf luence of  
3D effects  on the eff ic iency of  percussive  dri l l ing due to  the increased  
impor tance of  radia l  inert ia .  A simi lar  research using 3D f ini te  e lement  
approach for  modeling  down -the-hole  d r i l l ing was car r ied ou t  by Chiang and  
Elias  (2008).  The rock under  the p ercussive dri l l ing exhibi ts  a  complex  
fai lu re  behavior  due to  i ts  non -l ineari ty,  and the bi t - rock contac t  condit ion.  
Fukui  e t  a l .  (2010)  indicated that  fo rce -penetrat ion curves derived from 
experiments  could be used to  model  the b i t - rock interac t ion.   
 
In  th is  s tudy,  the s t ress  wave propagation  in  rods and rod joints  was  
reexamined in  Chapte r  3 .  An improved model ,  which was based  on the 
one-d imens ional  theory of  e last ic  waves and modif ied from the  
Okubo-Nishimatsu’s  model ,  was bui l t  and  used to  s imula te  s tr ess  wave  
propagation in  rods and rod joints .  One -d imensional  and axisymmetric  f ini te  
e lement models  of  percussive dri l l ing were  also const ructed and  used to  
s imulate  the s t ress  wave propaga tion,  and the s imula ted waves were 
compared to  those of  the improve d model .  In  Chapter  5 ,  a  new non -l inear  
bi t - rock interac t ion  model  is  p roposed to  model  the  impact  penetrat ion  
behavior  of  the but ton  bi ts  on Inada grani te .  In  Chapter  6 ,  the  new stress  
wave  propagat ion model  and the  new non-l inear  bi t -rock inte ract ion mod el  
are  integrated into  a  new consecut ive percussive dr i l l ing model .  
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Table 2.1 Specification of the apparatus used in the percussive long-hole drilling test  
 
Rock Inada Granite 
Rock drill HD210 (Furukawa Rock Drill Co., Ltd) 
Piston Length: 600 mm 
 Mass: 6.08 kg 
Shank rod  Length: 430 mm 
 Length: 3.66 m (Round section) 
Rod Outer diameter: 39 mm 
 Inner diameter: 14.3 mm 
Bit Nominal diameter: 64 mm 
 Total tips: 10   
    Face tips: 4 – 9 mm 
    Gauge tips: 6 – 11 mm 
 
Sleeve-type rod joint  
Screw type: T38 thread 
Length: 191mm 
Outer diameter: 55 mm 
Hydraulic pressure  15 MPa (Maximum. 17.5 MPa) 
Piston stroke Short mode 
Rotational speed 142 rpm 
Damper pressure 10 MPa or 12 MPa 
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Table 2.2 Specification of the apparatus used in the single blow impact penetration test 
 
Rock Type: Inada Granite 
Uniaxial compressive strength: 148 MPa 
Young’s modulus: 51.4 GPa 
Rock drill HD710 (Furukawa Rock Drill Co. Ltd) 
Piston Length: 710 mm 
Shank rod  Length: 790 mm  
Rod Length: 3.66m (Round section) 
 Outer diameter: 39mm 
 Inner diameter: 14.5mm 
  
Bit Nominal diameter: 64mm 
 Total tips: 12   
    Face tips: 8 – 11 mm 
    Gauge tips: 4 – 10 mm 
 
Sleeve-type rod joint  
Type: T38 thread 
Length: 191mm 
Outer diameter: 55 mm 
Hydraulic pressure  15 MPa 
Rotation per blow   25.7° 
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Fig. 2.1 Types of drilling methods. (a) Rotary drilling, (b) top hammer drilling and (c) down 
the hole drilling. 
  
  
 
 
(a) (b) (c) 
Rod 
Bit 
Piston 
Bit 
Piston 
Rod joint 
Rod 
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Fig. 2.2 Shank rod, coupling, extension rod and button bit in the top hammer drilling. 
(http://www.atlascopco.com/) 
 
      
(a)                    (b) 
Fig. 2.3 Types of bits. (a) button bit and (b) insert bit. The insert bit is very seldom used, 
except when very straight holes are required. (http://www.atlascopco.com/)  
 
 
 
 Fig. 2.4 Extension rods with thread joints. (http://www.atlascopco.com/) 
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(a)  
 
Fig. 2.5 Kinetic energy of the piston is transmitted to the bit through the rods in the form of 
elastic waves. (a) Impact of the piston on the rod. (b) Reflection of stress waves at the free 
bit end. (c) Reflection of stress waves from soft and hard rocks. (redrawn from Mikami 
1986) 
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(b) 
 
Fig. 2.5 (Continued) Kinetic energy of the piston is transmitted to the bit through the rods in 
the form of elastic waves. (a) Impact of the piston on the rod. (b) Reflection of stress waves 
at the free bit end. (c) Reflection of stress waves from soft and hard rocks. (redrawn from 
Mikami 1986)  
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(c) 
 
Fig. 2.5 (Continued) Kinetic energy of the piston is transmitted to the bit through the rods in 
the form of elastic waves (a) Impact of the piston on the rod. (b) Reflection of stress waves 
at the free bit end. (c) Reflection of stress waves from soft and hard rocks. (redrawn from 
Mikami 1986)  
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Fig. 2.6 Schematic illustration of a sleeve-type rod joint and its numercial models.  
 
 
(a) rod-joint illustration 
 
 
(b) Characteristic impedance model 
(CI model) 
 
(c) Rigid mass model  
(RM model) 
 
 
(d) Rigid mass and dashpots model 
 
(e) Nonlinear dissipative spring mass 
model (NDSM model) 
 
 (f) Spring model 
 
 
(g) CI + spring model  
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Fig. 2.7 Bilinear model for a bit-rock interaction. 
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(a)  
 
 
 
(b) 
 
Fig. 2.8 Schematic illustrations of (a) static penetration test and (b) impact penetration test 
with hammer (redrawn from Okubo et al. 1992).  
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(a) 
 
 
 
 
 
 
(b) 
 
Fig. 2.9 Experimental setups for studying the energy dissipation of a rod joint in the percussive 
drilling with (a) a hammer and (b) a rock drill.  
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(a) 
 
 
 
 
(b) 
 
Fig. 2.10 Percussive long-hole drilling test. (a) Photograph of the test, and (b) schematic 
illustration of the experimental setup (Fukui et al. 2007).  
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(a) 
 
 
(b) 
 
 
 
(c) 
 
Fig. 2.11 Impact penetration tester. (a) Photograph of the single blow impact penetration 
(SBIP) test, (b) schematic illustraiton of the impact penetration tester, and (c) used button 
bit with the diameter of 64 mm (Fukui et al. 2010).  
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(a) 
 
 
 
(b) 
Fig. 2.12 Calculation of a force-penetration curve with the TPSM method. (a) Rod and bit 
subdivided into elements. (b) Calculation procedure.
 
37 
Chapter 3 Stress  wave propagation in rods during percussive dr il l ing  
 
3.1 In troduc tion  
In  percussive dr i l l ing with  a  hydrau lic  percussion rock dr i l l ,  e las t ic  waves  
play a  crucia l  role  in  part ia l  conversion  of  kinet ic  energy in to  c rush ing work 
(Lundberg and Okrouhl ik  2001).  The elast ic  waves generated by the repeated  
impacts  of  the  pis ton on the shank rod,  propagate  a long the  rods  and the rod  
joints ,  and then arr ive  at  the  bi t .  They are  not  free  from three -dimensional  
(3D) effec ts .  In  an actual  hydraul ic  rock dri l ls ,  however,  the generated waves  
are  general ly much longer  than the transverse  dimensions of  the d ri l l  s t r ing.  
Under  these condit ions  the three -d imens ional  e ffec ts  can  be neglected,  and i t  
is  just i f ied to  consider  the wave motion  as  one -d imens ional  (Kols ky 1963;  
Achenbach 1973).  In  p revious s tudies  (Donnell  1930;  Takaoka and Hayamizu 
1956;  Fischer  1959;  Fa irhurs t  1961;  S imon 1962;  Dutta  1968;  Lundberg et  a l .  
1982,  1985,  1986,  1989;  Fu and Paul  1970;  Nordlund 1989;  Pang and 
Goldsmith 1990;  Okubo and Nishimatsu 1991 ),  the one -dimensional  (1D)  
theory of  e las t ic  waves has been accepted to  s tudy the phenomena of  s tress  
wave propaga tion in  rods during percussive dri l l ing.  However,  i t  has  become 
increas ingly in teres t ing to  use dri l l  tubes with  relat ively th in  wal ls  instead of  
convent ional  dr i l l  rods with  small  cen tral  hole  (Lundberg and Okrouhlik  
2001).  Moreover,  i t  is  observed  tha t  the 3D effec ts ,  which  resu l t  in  obvious  
calcula t ion  errors  when the  two -poin t  s tra in  measurement method i s  used  to  
calcula te  fo rce -penet ra t ion curves.  Thus,  i t  i s  necessary to  reexamine elas t ic  
wave  propaga tion in  rods wi th  considera t ion of  t he 3D effec ts  due to  the  
increased impor tance of  r adia l  inert ia  in  such sys tems.  
 
In  this  chapte r,  an improved model ,  which is  based on the 1D theory of  e last ic  
waves and modif ied f rom the Okubo -Nishimatsu’s  model ,  has  been examined  
for  s imulat ing the s tress  wave  propaga tion  in  rod during  percuss ive dri l l ing .  
In  th is  new model ,  p is ton  and shank  rod are  modeled to  have the same 
acoust ic  impedance as  products .  St ress  wave at tenua tion in  rod join ts  is  one  
of  the key factors  to  est imate  the d ri l l ing eff ic iency (Fukui  e t  a l .  2007).  A 
new numerical  model  for  a  s leeve-type  rod joint  in  which a  separated CI 
model  was connected wi th  a  spring  was  taken into  account .  In  addit ion,  
one-d imens ional  (1D) and axisymmetr ic  f in i te  e lement models  of  percussive  
dri l l ing wi th  a  hydraul ic  percuss ion rock dri l l  were bui l t  for  s imula t ing s tress  
wave  propaga tion.  The 3D effect s  on s t ress  wave propagat ion during  
percussive dri l l ing were  inves t iga ted.  The waves calcu lated wi th  the new 
model  were compared to  the ones  calcu lated  wi th  the 1D and axisymmetr ic  
f ini te  e lement models .   
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3.2  Numer ical  models  and methods  
3 .2 .1  Improved model  based on the1D theory of  e las t ic  waves  
The improved model  was based on  1D theory of  e las t ic  waves and modif ied  
from the Okubo-Nishimatsu’s  model  (Okubo and Nishimatsu 1991) .  I t  was  
composed  of  a  p is ton ,  a  sh ank rod,  a  rod  and a  rod jo int .  S tress  wave  
propagation in  rods is  calcula ted in  a  s imila r  way as  the Okubo -Nish imatsu’s  
model.  As elas t ic  bodies ,  the pis ton,  shank rod,  rod,  and the rod jo int  were  
divided in to  elements  with  the  uniform length ∆𝑙 and the acoust ic  impedance 
of  each elements  𝑍𝑖  was equal  to  𝐴𝑖 ∙ 𝐸 𝑐⁄ .  The force generated f rom the  
coll is ion between the p is ton  and the shank rod  was calcula ted wi th  Eq.  (3 .1) .   
 
𝐹𝑝𝑠 = {
0             𝑖𝑓 𝛿𝑝𝑠 ≥ 0
−𝐾𝑝𝑠𝛿𝑝𝑠, 𝑖𝑓 𝛿𝑝𝑠 < 0  
 (3 .1)  
 
where 𝐾𝑝𝑠 and 𝛿𝑝𝑠 are  the spring cons tant  and the gap between the pis ton 
and the shank rod,  respect ive ly.   
 
In  the Okubo -Nishimatsu’s  model ,  the p is ton and the rod were s impl if ied in to  
two c ircula r  cyl inders .  In  the improved model ,  the acous t ic  impedances of  the  
pis ton  and the shank rod were set  to  be cons is ten t  with  their  ac tual  shapes.  
The acoust ic  impedance of  the rod was set  to  a  constant  va lue along i ts  
longitud inal  axis .  The  s leeve -type rod joint  was modeled  as  the CI +  spring 
model  and the force 𝐹𝑠𝑟 between the shank rod and rod was calculated as  
fol lows.   
 
𝐹𝑠𝑟 = −𝐾𝑠𝑟𝛿𝑠𝑟 (3 .2)  
 
where 𝐹𝑠𝑟 is  the force ac t ing on the contact  faces  of  the shank rod and the rod .  
𝛿𝑠𝑟  and  𝐾𝑠𝑟 are  the clearance and spring constan t  between the p is ton and the  
shank rod.   
 
Other  constants  re la ted to  the improved model  for  the HD210 hydrau lic  
percussion rock dr i l l  (Hereinafter  refe rred to  as  HD210 ) were l is ted  in  Table  
3 .1 .  The t ime interva l  ∆𝑡 was 0.2  μs,  and the length of  each segme nt  was se t  
to  1  mm because elas t ic  waves propaga te  1  mm wi thin the t ime .  The spring  
constants  𝐾𝑝𝑠  and 𝐾𝑠𝑟 ,  were  determined  with  sensi t ivi ty.  The calcu la ted 
wave was compared to  the measured one at  the  s tra in  gauge 1  as  shown in  Fig.  
2 .10 (b) .  The components  of  the rock dr i l l  body,  bi t  and the rock on s tress  
wave propagat ion in  rods and rod jo ints  were neglected.   
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The improved model  for  the HD712 hydraulic  percuss ion rock dri l l  
(Hereinafte r  refer red to  as  HD712) was  also p repared and  used to  s im ulate  the  
s tress  wave propagation in  rod during the s ingle  blow impact  penetrat ion  
tests  wi th  the HD712.  The spring constan ts  𝐾𝑝𝑠 and 𝐾𝑠𝑟 for  the HD712 were 
also ident if ied  with  sensi t ivi ty ana lysis  and compared to  those  of  the HD210 
for  checking whether  the spring c ons tants  were universa l  or  no t .  
 
3 .2 .2  Fin i te  e lement method  
Analyt ical  so lut ions can only be  appl ied  to  impact  prob lems for  e last ic  so l ids  
with  very s imple geometr ies .  Since  the p is ton  and the shank rod in  hydrau lic  
percussion rock dr i l l  have complex geometr ical  shapes,  the f ini te  e lement  
method (FEM) was used to  s imulate  s tress  wave  propagat ion in  rod duri ng  
percussive dri l l ing.  
 
The numer ica l  s imula t ion of  s tress  wave propagation in  rod  with  one  
dimensiona l  (1D) and axisymmetric  f in i te  e lement models  were performed 
with  the  aid  of  the commercia l  software  ANSYS. Two methods  (ANSYS 
User 's  Manual)  are  employe d for  the t ransient  dynamic  analys is  in  the  
ANSYS program: the central  d i fference t ime integra t ion method for  explic i t  
t rans ient  analyses  and  the Newmark t ime in tegrat ion method ( including an 
improved a lgor i thm ca l led HHT) for  implic i t  t ransien t  analyses .  Herein,  the  
HHT method is  chosen  for  s imula t ing s tress  wave propagat ion in  rods during  
percussive dri l l ing,  and the basic  form of  the  method i s  given by:  
 
[𝑀]{?̈?𝑛+1−𝛼𝑚} + [𝐶] {?̇?𝑛+1−𝛼𝑓} + [𝐾] {𝑢𝑛+1−𝛼𝑓} = {𝐹𝑛+1−𝛼𝑓
𝑎 } (3 .3)  
 
where [𝑀],  [𝐶] and [𝐾] are  the mass matr ix ,  damping matr ix  and s t i ffness  
matr ix ,  respec t ive ly.  { ?̈?},  {?̇?},  {𝑢} and {𝐹} are  the accelera t ion,  veloc i ty,  
d isplacement and load  vector  of  nodal ,  respect ive ly.  The detai led equations  
are  expressed as  fol lows:  
 
{?̈?𝑛+1−𝛼𝑚} = (1 − 𝛼𝑚){?̈?𝑛+1} + 𝛼𝑚{?̈?𝑛} 
{?̇?𝑛+1−𝛼𝑓} = (1 − 𝛼𝑓){?̇?𝑛+1} + 𝛼𝑓{?̇?𝑛} 
{𝑢𝑛+1−𝛼𝑓} = (1 − 𝛼𝑓){𝑢𝑛+1} + 𝛼𝑓{𝑢𝑛} 
{𝐹𝑛+1−𝛼𝑓
𝑎 } = (1 − 𝛼𝑓){𝐹𝑛+1
𝑎 } + 𝛼𝑓{𝐹𝑛
𝑎} 
(3 .4)  
 
In  add it ion the fol lowing formulae a re  assumed in  the Newmark method.  
 
{?̇?𝑛+1} = {?̇?𝑛} + [(1 − 𝛿){?̈?𝑛} + 𝛿{?̈?𝑛+1}]∆𝑡 (3 .5)  
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{𝑢𝑛+1} = {𝑢𝑛} + {?̇?𝑛}∆𝑡 + [(
1
2
− 𝛼) {?̈?𝑛} + 𝛼{?̈?𝑛+1}] ∆𝑡
2 
 
where 𝛼,  𝛿 are  Newmark  integrat ion parameters ,  and ∆𝑡 is  equal  to  𝑡𝑛+1 − 𝑡𝑛.  
 
In  Eq.  (3 .4)  equa tions i t  can be seen tha t  the two successive t ime s t eps of  𝑛 
and 𝑛 + 1 are  l inearly combined in  the HHT method.  𝛼𝑚 and 𝛼𝑓 are  two 
extra  integrat ion parameters  for  the  in terpo lat ion of  the acce lera t ion and the  
displacement,  ve loci ty and loads.  
 
3 .2 .3  1D f ini te  e lement  model  of  percussive  dr i l l ing  
The 1D f ini te  e lement model  of  the HD210 was prepared for  s imula t ing the  
s tress  wave propagation in  rod dur ing the percussive long -hole  dr i l l ing tes t  
mentioned  in  Sect ion 2 .4 .3 .  In  the  calcu lat ion ,  the  t ime  s tep ∆𝑡 was set  to  2  
μs,  in  which s tress  waves pa ss  through an element with  the speed 𝑐 = (𝐸 𝜌⁄ )1 2⁄ .  
The rod s tress  a t  the  s t ra in  gauge 1  shown in  Fig.  2 .10 (b)  was ca lcu lated and  
compared to  the measured one.  The impact  speed 𝑣 of  the pis ton  was  set  to  
9 .05 m/s ,  which was se t  to  the ac tual  speed  just  before  the pis ton impacts  on 
the shank rod in  the  test .  The shank rod and the rod were a t  res t  before  the  
impact .  The ini t ia l  gap between the pis ton and the shank rod was set  to  1  μm.  
All  components  invo lved in  percussive dr i l l ing were modeled with  t he LINK1 
element.  The numbers  of  the components  and related parameters  are  l is ted in  
Table  3 .2 .  In  the LINK1 element,  the  cross -sect ional  area is  used to  express  
the geometr ica l  charac ter i s t ic  of  the components .  
 
The coll i s ion be tween  the pis ton and the sh ank rod was  modeled with  the  
CONTA178 element.  The element is  a  node -to-node contac t  e lement which  
can handle  the cases  when the contac t  loca t ion i s  known beforehand.  I t  is  
applicable  to  3D geometr ies  and a lso can  be used in  2D and axisymmetric  
models  by cons tra ining the UZ degrees of  freedom. There are  four  diffe ren t  
contact  a lgori thms implemented in  the element,  v iz . ,  pure  pena lty  method,  
augmented Lagrange method,  pure Lagrange mult ipl ier  method as  wel l  as  
Lagrange mul t ip l ie r  on contact  normal and penalt y on fr ic t ional  direct ion.  
Here,  the pure penal ty  method  was  chosen and the equa tion  for  ca lcula t ing  
force between the p is ton and the shank rod was derived ;  
 
𝐹𝑝𝑠 = {
0              𝑖𝑓    𝑢𝑝𝑠 > 0 
𝐾𝑝𝑠𝑢𝑝𝑠  𝑖𝑓    𝑢𝑝𝑠 ≤ 0
 (3 .6)  
 
where 𝐾𝑝𝑠 and 𝑢𝑝𝑠 are  the spring cons tant  and gap s ize  be tween the p is ton 
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and the shank rod,  respect ive ly.  
 
The s leeve -type rod jo int  be tween  the  s hank rod and the rod  was modeled by 
the COMBIN14 element with  the spr ing cons tant  𝐾𝑠𝑟 of  1  GN/m.  The element 
is  a  spring -damper e lement wi thout  mass and defined by two nodes,  spring 
constant  and damping coeff ic ien ts .  The damping capabil i ty was not  us ed,  
only the spring cons tant  needs to  be set  in  advance.  
 
3 .2 .4  Axisymmetric  f in i te  e lement  model  o f  percussive dri l l ing  
All  components  were considered to  be of  s teel  wi th  Young’s  modulus 𝐸 of  
210 GPa, Poisson’s  ra t io   𝑣 of  0 .3  and modeled with  the 8 -node axisymmetr ic  
quadri la tera l  PLANE183 element.  The co ll is ion between the pis ton  and the  
shank rod was  modeled as  surface -to -surface contac t  e lements .  The ta rge t  
surface,  the back end of  the shank  rod,  was  modeled with  the TARGE169 
element.  The contac t  surf ace,  the f ront  end  of  the p is ton,  was modeled with  
CONTA172 element.  The CONTA172 element  is  used to  represen t  contact  and  
s l id ing be tween 2 -D “target”  sur faces and a  deformable  sur face,  defined by 
th is  e lement.  The element is  appl icable  to  2 -D s truc tura l  and  coupled f ie ld  
contact  ana lyses .  The contact  s t i ffness  be tween the pis ton and the  shank rod 
is  a  s igni f ican t  parameter,  which direct ly a ffects  the s imulated waveform.  
Thus,  the Augmented  Lagrangian con tact  a lgori thm was chosen to  handle  the  
contact  beha vior  between the p is ton and the shank rod.  The Augmented  
Lagrangian method is  an i tera t ive ser ies  o f  penalty updates  to  f ind the  
Lagrange mul t ip l ie rs  ( i .e . ,  contact  t rac t ions) .  Compared to  the pure  penalty 
method,  the Augmented  Lagrangian  method usually le ads to  bet te r  
condit ion ing and is  less  sensi t ive to  the magnitude of  the contact  s t i ffness  
coeff ic ien t .  In  addi t ion,  the contact  s t i ffness  coeff ic ient  was  set  to  
automat ical ly update  for  each i te rat ion t ime s tep.  Loca tion of  contact  
detect ion point  was se t  to  on Gauss point .  
 
The s leeve -type rod joint  between the  shank rod and rod was also modeled as  
surface -to -surface contact  e lements  l ike the a forement ioned  contac t  between  
the pis ton and the shank rod.  The rod joint  was divided in to  two parts .  They 
were added on the  front  end of  the shank rod and the back end of the rod,  
respect ively.  The bi t  and the rod were  taken as  a  whole,  and  the thread  
connection be tween  them was  neglec ted.  The  carbide  t ips  on  the  button b i t  
were also neglec ted.  
 
3 .3  Numer ical  resul t s  
3 .3 .1  Calculated resul t s  of  the improved model  
Fig.  3 .1  shows the ca lcula ted  and measured  rod s tresses  in  blue  and red 
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curves,  respec t ive ly.  The measured data  of  rod s tress  were f rom the  
percussive long -hole  d r i l l ing test  with  the HD210,  which was ment io ned in  
Sect ion 2.4 .3 .  In  the f igures  the  t ime when the f ir s t  wave a rr ived  was set  to  
the orig in .  
 
Fig .  3 .1  (a)  shows the calcula ted wave when the models  of  the p is ton and the 
rod were s implif ied as  c ircula r  cyl inders ,  that  is ,  the  acous t ic  impedance s o f  
the pis ton and the shank rod were constan t  value s .  The s leeve -type rod join t  
between the shank rod and the rod was not  considered,  and the shank rod and 
the rod were taken as  whole in  the calcu lat ion.  The used parameters  are  l i s ted  
in  the  case 1  o f  Table  3 .1 .  The coll is ion between the p is ton and  the shank rod 
was modeled as  the spring model  and the spring cons tant  𝐾𝑝𝑠 between the 
two components  was set  to  600 MN/m, which was the same as  the value  
reported in  Okubo and Nishimatsu (1991).  The ampli tude of  the calcula ted 
wave was consis tent  with  tha t  of  the measured wave.  However,  the  
wave length and smal l  osci l la t ions in  the  measured wave cannot  be  
reproduced.   
 
Fig .  3 .1  (b)  shows the calcula ted wave  when the pis ton and the  rod were  
modeled to  be consis tent  wi th  their  actua l  shape.  The s leeve -type  rod join t  
was not  considered and  the shank  rod and the rod were taken as  a  whole in  the  
calcula t ion.  The used parameters  are  l i s ted in  the case 2  of  Table  3 .1 .  The 
calcula ted wave was c loser  to  the measured one tha n that  shown in  Fig.  3 .1  
(a) .  However,  the wave length and small  osc i l la t ions  in  the measured wave the 
s imulat ion also cannot  be  reproduced.  
 
Fig.  3 .1  (c )  shows the calcula ted wave  when the p is ton  and the  rod were  
modeled  to  be  consis tent  with  the ir  actua l  shape ,  and the s leeve -type  rod  
joint  was modeled as  t he  spr ing model  shown in  Fig.  2 .6  ( f) .  The used 
parameters  are  l i s ted in  the case 3  of  Table  3 .1 .  The spring constant   𝐾𝑝𝑠 
were  se t  to  600 MN/m.  The spring  constan t  𝐾𝑠𝑟 of  the join t  model  was set  to  
710 MN/m, which is  the same as  the value of  Okubo et  a l .  (1994) .  The s lope 
at  the beg inning of  the  calcula ted wave  is  smaller  than the measured  one,  but  
the loca l  shape around  the peak is  c lose r  to  the measured one than Figs .  3 .1  
(a)  and (b) .  
 
Fig .  3 .1  (d)  shows the  calculated wave  when the pis ton and the shank rod 
were modeled  to  be consis ten t  with  the ir  ac tual  shape,  and t he s leeve -type  
rod jo int  was modeled  as  the  spr ing model  shown in  Fig.  2 .6  (f) .  The used 
parameters  are  l is ted in  the case 4  of  Table  3 .1 .  The spring constant  𝐾𝑝𝑠 
between the pis ton and the shank  rod was se t  to  10 GN/m. 𝐾𝑠𝑟 was se t  to  1  
GN/m based on i ts  sensi t ivi ty analys is .  The calculated wave  is  more  
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consis ten t  wi th  the measured one than those shown in  Fig s .  3 .1  (a) ,  (b)  and  
(c) .  Not  only the ampli tude and wavelength  but  a lso the smal l  osci l la t ions  
observed in  the measured wave were reproduced.  However,  the  obvious  
difference between the calcula ted and the measured waves in  the la t ter  
port ion of  rod s tress  from 0.4 ms.  
 
Fig.  3 .1  (e )  shows the calcula ted wave  when the p is ton  and the  rod were  
modeled  to  be  consis tent  with  the ir  actua l  shape ,  and the s leeve -type  rod  
joint  was modeled as  the CI model  (Fischer  1959) shown in  Fig.  2 .6  (b) .  The 
used parameters  a re  l is ted in  the case  5  of  Table  3 .1 .  The spring constant  𝐾𝑝𝑠 
of  the col l is ion  between the pis ton and the shank rod was set  to  10 GN/m 
based on i ts  sensi t ivi ty  analys is .  The shape  and osci l la t ions  of  the  ca lcula ted  
wave  were  consis tent  wi th  those  of  the  measured wave.  However,  the  
ampli tude of  the osc i l la t ions in  the ca lcula ted wave is  smalle r  while  the  
frequency of  the  osci l la t ions is  larger  than the measured one.  
 
Fig.  3 .1  (f )  shows the  calcula ted wave  when the pis ton and the rod were  
modeled to  be  consis tent  with  the ir  actua l  shape ,  and the s leeve-type  rod  
joint  was  modeled  as  the  CI +  spring  model  shown in  Fig.  2 .6  (g) .  The used 
parameters  are  l is ted in  the case 6  o f  Table  3 .1 .  The spring cons tant  𝐾𝑝𝑠 of  
the col l i s ion  be tween  the pis ton and shank rod was set  to  10 GN/m  and the  
spring constan t  𝐾𝑠𝑟 of  the joint  model  between the shank rod and the rod was 
set  to  1  GN/m. The calculated wave was c loser  to  the measured wave  than the  
others ,  espec ia l ly the la t ter  port ion of  the wave .  
 
Fig.  3 .2  shows the ca lculated and measured  rod s tresses  o f  the s ingle  blow 
impact  pene tra t ion (SBIP) tes ts  with  the  HD712 ,  which was  already 
introduced in  Sect ion  2 .4 .4 .  Blue and red curves represen t  the ca lculated and  
measured waves,  respect ive ly.  In  the f igure ,  the t ime at  which the waves  
arr ived was set  to  the origin .  In  the calcu lat ion,  the pis ton and the rod were 
modeled  to  be consis tent  wi th  their  actua l  shape.  The s leeve -type  rod join t  
was modeled as  the CI +  spr ing model .  The spring cons tant  𝐾𝑝𝑠  of  the 
col l is ion  between the  pis ton  and the  shank rod was set  to  10  GN/m  and the  
spring constan t  𝐾𝑠𝑟 of  the joint  model  between the shank rod and the rod was 
set  to  10 GN/m based on the  sensi t ivi ty ana lys is .  The measured wave is  wel l  
reproduced by s imula t ion under  the aforement ioned set t ings.  
 
3 .3 .2  Calculated resul t s  of  the 1D f in i te  e lement model   
Fig.  3 .3  shows the ca lculated  rod s t resses  o f  the percussive  long -hole  dr i l l ing  
test  wi th  the HD210 with  1D f i ni te  e lement model  of  percuss ive dri l l ing.  The  
models  of  the pis ton,  shank rod,  rod jo int ,  rod and the bi t  were set  to  be  
consis ten t  wi th  the ir  actual  shape.  The spring constant  𝐾𝑝𝑠  between the 
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pis ton and the shank rod was var ied from 600 MN/m to 100 GN/m.   
 
Fig .  3 .3  (a)  shows in  the case of  𝐾𝑝𝑠 =  600 MN/m,  the  peak of  the  calculated  
wave is  in  good agreement wi th  tha t  of  the measured wave,  but  many smal l  
osci l la t ions observed  in  the measured wave cannot  be reproduced.  The 
calcula ted wave is  c lose to  a  s ine wave,  and the wavelength is  longer  than the  
measured wave.  The s lope of  the calcula ted  wave from 0 ms to  0 .2  ms i s  
lower  than that  of  the  measured  one.  In  Fig.  3 .3  (b) ,  the  small  osc i l la t ions  
s t i l l  cannot  be  appeared in  the calcu lated  wave of  𝐾𝑝𝑠 =  1  GN/m.  But the  
wave length is  c loser  to  the measured one than that  of  𝐾𝑝𝑠 =  600 MN/m. The 
s lope of  the calcu lated  wave  from 0 ms to  0 .2  ms is  in  good agreement with  
the measured one.  The peak of  the calcu lated resul t  is  a  l i t t le  la rger  tha n tha t  
of  the  measured.  In  Fig.  3 .3  (c) ,  the  dis t inct  osc i l la t ions a re  generated in  
calcula ted wave and s imultaneous ly the waveform gradual ly changes from a  
s ine wave  to  a  rectang le  when 𝐾𝑝𝑠 is  10 GN/m. Compared to  the  osci l la t ions  
in  the  measured wa ve,  the number  of  the  calcu lated  osci l la t ions is  smaller  bu t  
the magni tude i s  la rger.  In  Fig.  3 .3  (d ) ,  when 𝐾𝑝𝑠 is  100 GN/m, the s imulated  
resul t  is  no t  obvious ly different  wi th  tha t  of  𝐾𝑝𝑠 =  10 GN/m.  
 
3 .3 .3  Calculated resul t s  of  the ax isymmet r ic  f ini te  e lement model  
Fig.  3 .4  shows the  comparison be tween  the  calcula ted rod  s t ress  wi th  the  
axisymmetr ic  f in i te  e lement model  of  percussive dri l l ing and the measured  
one from the s ingle  blow impact  pene tra t ion (SBIP) tes t .  In  Fig.  3 .4 ,  red and 
blue curves represen t  the measured and  ca lculated waves,  respec t ive ly.  In  the  
lef t -hand s ide,  the ca lculated waves  were  computed with  the  coarse -mesh  
axisymmetr ic  f in i te  e lement models  of  the p is ton,  shank rod,  rod joint ,  rod  
and the bi t .  In  the r igh t -hand s ide,  the calcu lated waves were computed wi th  
the f ine -mesh ax isymmetric  f in i te  e lement models .   
 
Compared Fig.  3 .4  (a)  to  Fig.  3 .4  (b) ,  i t  i s  observed that  with  the  decrease of  
the  t ime  s tep f rom 1  μs ~  10 μs to  0 .1  μs ~  1  μs the s imulat ion accuracy i s  
obvious ly improved.  But  no more s igni f ican t  improvements  in  Fig.  3 .4  (c)  are  
achieved with  fur ther  decreasing  the  t ime s tep  from 0.1 μs  ~  1  μs to  0 .05 μs ~  
0 .5  μs.  Ins tead,  dis t inc t  high frequency osci l la t ions  appear  in  the le f t  f igure  
of  Fig.  3 .4  (c ) .  However,  the same phenomenon did not  ar ise  in  the r igh t  
f igure of  the Fig.  3 .4  (c) .  The s ize  of  the t ime s tep should  be appropriate  to  
the mesh  sca le  o f  the f ini te  e lement model ,  o therwise  unexpected 
high-frequency osci l la t ions wil l  be  genera ted.  In  this  s tudy,  the coarse -mesh  
model  wi th  the  t ime  s tep of  0 .1  us  ~  1  us  can e ffec t ive ly be  used for  
s imulat ing the ax ial  s tress  responses in  the ex tension rod.  
 
From Fig .  3 .4(b) ,  i t  can also be noticed that  an obvious devia t ion appeared  
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between the ca lcula ted  and measured  w aves  in  s tress  responses o f  B  af te r  0 .6  
ms which  is  because s tress  waves ref lected  from the bi t  end are  mixed  
together  and the calculat ion er rors  caused by the s impl if ied b i t  model .  
 
For  both the measured and calcu lated  waves in  Fig.  3 .4  (c) ,  the  s tress  
responses o f  𝐵 is  moved forward 0.376 ms hor izontal ly and  i l lus tra ted in  Fig.  
3 .5 .  The 0.376 ms is  the t ime that  the  s t ress  waves  arr ived a t  𝐵 af ter  i t  
departed from 𝐴.  As seen in  Fig.  3 .5  (a ) ,  there  is  a  l i t t le  di fference  between  
the two measured  waves during  the  p er iod f rom 0 ms to  0 .35  ms,  which is  
caused by the la tera l - inert ia  e ffec t .  From Fig .  3 .5  (b )  i t  can be seen  that  the  
same phenomena can be reproduced by the ax isymmetric  f ini te  e lement model  
of  percuss ive dr i l l ing.  
 
Fig .  3 .6  shows tha t  the calcu lated  wave  (blue)  with  the  axisymmetric  f in i te  
e lement model  is  c loser  to  the  measured wave  (red)  than the ca lcula ted wave  
(green)  with  1D theory of  e last ic  waves,  especial ly af te r  0 .5  ms.  The 
high-frequency parts  of  the waves are  indicated by b lack ar rows are  
effec t ive ly reproduced  by the ax isymmetr ic  f ini te  e lement model .  There are  
a lso devia t ion between the calcula ted wave of  the axisymmetr ic  f ini te  
e lement model  and the measured wave  from  0.3 ms to  0 .4  ms.  In  addi t ion,  the 
differences of  the calculated waves of  on e- and three -dimensiona l  models  are  
smal l .  
 
3 .4  Discussion  
The measured waves  did not  have s imple shape but  had many small  
osci l la t ions due to  the  non -uni form shapes of  the pis ton and shank rod.  To 
reproduce the  osc i l la t ions,  not  on ly the acous t ic  impedan ces  of  the  pis ton  and  
the shank rod but  a lso  the spring constan ts  𝐾𝑝𝑟 and 𝐾𝑠𝑟 needed to  be set  to  
appropria te  va lues.  In  this  calcu lat ion,  the calculated wave was most  
consis ten t  with  the measured one when the  spring constant  of  the jo int  model  
was much  smalle r  than  that  of  the  col l is ion between the p is ton and the shank 
rod.  Even in  Fig.  3 .1  (f) ,  there  is  a  d i fference between the ca lculated and  
measured waves,  which may be caused by the s impli f ied  spr ing model  of  the  
rod jo int .  Therefore  addit io na l  modif icat ion in  the s imula t ion  wil l  be  
required.  
 
The measured waves f rom the  percuss ive dr i l l ing tes ts  wi th  the HD210 and 
with  the HD712 can be reproduced with  the one -d imens ional  model  when the  
pis ton and the shank rod were modeled to  be consis ten t  wi th  thei r  shape and 
the s leeve -type  rod  jo int  is  modeled  as  the CI +  spring  model .  The spring  
constant  of  the joint  model  between the shank rod and the rod  were  set  to  10  
GN/m for  HD712 and 1 GN/m for  HD210.  The difference  between the  
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constants  is  probably  caused not  by the di fference in  the  products  but  in  the 
dri l l ing condi t ions .  The SBIP test  wi th  HD712 was conducted wi th  
special ly-manufactured equipment in  a  laboratory,  and the rod joints  were  
t ightened  af ter  each b low.  In  cont ras t  the percussive  long -hole  d r i l l ing tes t  
with  the HD210 was performed in  the f ie ld .  The preload  of  the rod  join t  for  
HD210 was probably lower than  tha t  for  HD712.  The resul ts  indica te  that  the  
spring constan t  in  the  model  of  a  rod  jo int  needs to  be  se t  appropriate ly  
depending on  dri l l ing condit ions.   
 
𝐾𝑝𝑠 needs to  se t  an appropriate  va lue fo r  accura tely s imulat ing s t ress  wave  
propagation in  rods.  In  this  s tudy,  the magnitude of  𝐾𝑝𝑠 is  larger  than that  in  
Okubo and Nishimatsu  (1991) .  I t  i s  found that  the waveform is  c lose to  a  
square wave for  the la rger  va lue of  𝐾𝑝𝑠,  whi le  to  a  s ine  wave for  the smalle r  
value  of  𝐾𝑝𝑠.  In  add it ion,  the osc i l la t ions caused  by the  complex  shape of  the  
pis ton and the shank rod only appeared in  the s imulat ion resu l t s  when 𝐾𝑝𝑠 is  
large  enough.  Howeve r,  wi th  an  increase in  𝐾𝑝𝑠  the  convergence  of  the  
calcula t ion in  ANSYS becomes di ff icul t  unless  the t ime s tep ∆𝑡 is  decreased,  
the meshing is  re f ined or  both of  them. The magnitude of  spring constant  𝐾𝑝𝑠 
around 10 GN/m is  recommended in  th is  s tudy.  
 
Though the models  a re  one -d imens ional ,  d i fferences of  the calcu lated waves  
with  one -  and th ree -dimensiona l  models  seem to be ins ignif icant ,  in  
comparison with  the e ffec ts  of  the consis tency between the models  for  the 
pis ton,  shank rod,  and rod join t s  and ac tual  p roducts .  
 
3 .5  Conclusions  
The aim of  the chapte r  is  to  cons truct  a  new real is t ic  numer ical  model  of  
s tress  wave propaga tion in  rods and rod jo ints  dur ing percussive  dri l l ing .  
Fi rs t ,  the  improved numerica l  model  based on 1D theory of  e las t ic  w aves and  
modif ied from the Okubo -Nish imatsu’s  model  was proposed.  In  the improved  
model,  the s leeve -type  rod joint  was modeled  as  the CI +  spring model ,  and  
the acoust ic  impedances of  the pis ton,  shank rod were se t  to  be the  same as  
the actua l  produc ts .  S t ress  wave  propagat ion in  rod s and rod jo ints  during  the 
percussive long -hole  dr i l l ing tes t  with  the HD210  and during  the s ingle  blow 
impact  penet rat ion tes t  wi th  the HD712 were s imula ted wi th  the improved  
model .  The measured waves in  the  two kinds  of  tes ts  can be reproduced wi th  
the improved model .  The spring constant  𝐾𝑝𝑠 between the pis ton and the 
shank rod was se t  to  the same va lue while  the  spring  constan t  𝐾𝑠𝑟 of  the rod  
joint  model  be tween the shank rod and the  rod was se t  to  d i fferen t  value s in  
the two s imulat ions,  which was  because  the d ri l l ing  condi t ions  were  di fferen t  
in  the two kinds of  tes ts .   
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In  addi t ion,  the  s tress  wave propagat ion in  rods  and rod  jo ints  was a lso  
computed with  the 1D and axisymmetric  f ini te  e lement models .  The 
calcula ted waves of  the f ini te  e lement models  a lso indica te  that  the spring 
constants  𝐾𝑝𝑠 and 𝐾𝑠𝑟 were  impor tant  and needed to  set  appropria te  value s  
for  accura te  s imulat ion  of  the s tress  wave  propagation in  rods  and rod join ts .  
Too large  va lue  of  𝐾𝑝𝑠 would cause the poor convergence of  the calcu lat ion 
in  ANSYS unless  the t ime s tep fur ther  decrease d.  The calcula ted waves wi th  
the 1D f ini te  e lement model  are  in  good agreement wi th  those computed wi th  
the improved model .  The calcula ted waves of  the axisymmetric  f in i te  e lement  
model  a re  more appropriate  than  those  of  1D f in i te  e lement model  on  
reproduct ion of  la teral -inert ia  e ffect .  However,  there  a re  no obvious  
differences on precis ion between the numerical  resul ts  calcu lated wi th  the 3D 
axisymmetr ic  model  and with  1D model .  
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Table 3.1 Constants and parameters used in simulation cases with the improved model 
 
 
Case 1  Case 2 Case 3 Case 4 Case 5 Case 6 
Time interval ∆𝑡 (μs) 0.2 
Element size (mm) 1 
Initial velocity 𝑣0 (m/s) 9.05 
Shapes of piston and rods 
Circular 
cylinders 
Actual 
shapes 
Actual 
shapes 
Actual 
shapes 
Actual 
shapes 
Actual 
shapes 
Collison between piston and 
rod 𝐾𝑝𝑠 (MN/m) 
600 600 600 
600 
~100,000 
600 
~100,000 
600 
~100,000 
Rod joint None None 
Spring 
model 
Spring 
model 
CI model 
CI + Spring 
model 
Connection between shank 
rod and rod 𝐾𝑠𝑟 (MN/m) 
None None 710 
600~ 
100,000 
None 
600~ 
100,000 
 
 
 
 
 
 
Table 3.2 Properties of the one-dimensional finite element model for the percussive long-hole 
drilling test in the ANSYS program. 
 
Component Number of elements Element size 
(m) 
Density 
(kg/m
3
) 
Young’s modulus 
(GPa) 
Piston 60    
Shank rod 43 0.01 7850 210 
Rod 366    
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(a) 
 
Fig. 3.1 Comparison between the calculated and measured rod stresses. The time when stress 
wave arrived at the strain gauge was set to be the origin. (a) 𝐾𝑝𝑠 = 600 MN/m, and circular 
cylinder models of the piston, shank rod and the rod. (b) 𝐾𝑝𝑠 = 600 MN/m, and actual shape 
models of the piston, shank rod and the rod. (c) 𝐾𝑝𝑠 = 600 MN/m, 𝐾𝑠𝑟 = 710 GN/m, actual 
shape models for the piston, shank rod and rod, and the spring model for the rod joint. (d) 𝐾𝑝𝑠 
= 10 GN/m, 𝐾𝑠𝑟 = 1 GN/m, actual shape models for the piston, shank rod and rod, and the 
spring model for the rod joint. (e) 𝐾𝑝𝑠 = 10 GN/s, actual shape models of the piston, shank rod 
and the rod, and the CI model for the rod joint. (f) 𝐾𝑝𝑠 = 10 GN/s, 𝐾𝑠𝑟 = 1GN/s, and actual 
shape models of the piston, shank rod and the rod, and the CI + spring model for the rod joint.  
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(b) 
 
Fig. 3.1 (Continued) Comparison between the calculated and measured rod stresses. The time 
when stress wave arrived at the strain gauge was set to be the origin. (a) 𝐾𝑝𝑠 = 600 MN/m, and 
circular cylinder models of the piston, shank rod and the rod. (b) 𝐾𝑝𝑠 = 600 MN/m, and actual 
shape models of the piston, shank rod and the rod. (c) 𝐾𝑝𝑠 = 600 MN/m, 𝐾𝑠𝑟 = 710 GN/m, 
actual shape models for the piston, shank rod and rod, and the spring model for the rod joint. (d) 
𝐾𝑝𝑠 = 10 GN/m, 𝐾𝑠𝑟 = 1 GN/m, actual shape models for the piston, shank rod and rod, and 
the spring model for the rod joint. (e) 𝐾𝑝𝑠 = 10 GN/s, actual shape models of the piston, shank 
rod and the rod, and the CI model for the rod joint. (f) 𝐾𝑝𝑠 = 10 GN/s, 𝐾𝑠𝑟 = 1GN/s, and 
actual shape models of the piston, shank rod and the rod, and the CI + spring model for the rod 
joint.  
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(c) 
 
Fig. 3.1 (Continued) Comparison between the calculated and measured rod stresses. The time 
when stress wave arrived at the strain gauge was set to be the origin. (a) 𝐾𝑝𝑠 = 600 MN/m, and 
circular cylinder models of the piston, shank rod and the rod. (b) 𝐾𝑝𝑠 = 600 MN/m, and actual 
shape models of the piston, shank rod and the rod. (c) 𝐾𝑝𝑠 = 600 MN/m, 𝐾𝑠𝑟 = 710 GN/m, 
actual shape models for the piston, shank rod and rod, and the spring model for the rod joint. (d) 
𝐾𝑝𝑠 = 10 GN/m, 𝐾𝑠𝑟 = 1 GN/m, actual shape models for the piston, shank rod and rod, and 
the spring model for the rod joint. (e) 𝐾𝑝𝑠 = 10 GN/s, actual shape models of the piston, shank 
rod and the rod, and the CI model for the rod joint. (f) 𝐾𝑝𝑠 = 10 GN/s, 𝐾𝑠𝑟 = 1GN/s, and 
actual shape models of the piston, shank rod and the rod, and the CI + spring model for the rod 
joint.  
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(d) 
 
Fig. 3.1 (Continued) Comparison between the calculated and measured rod stresses. The time 
when stress wave arrived at the strain gauge was set to be the origin. (a) 𝐾𝑝𝑠 = 600 MN/m, and 
circular cylinder models of the piston, shank rod and the rod. (b) 𝐾𝑝𝑠 = 600 MN/m, and actual 
shape models of the piston, shank rod and the rod. (c) 𝐾𝑝𝑠 = 600 MN/m, 𝐾𝑠𝑟 = 710 GN/m, 
actual shape models for the piston, shank rod and rod, and the spring model for the rod joint. (d) 
𝐾𝑝𝑠 = 10 GN/m, 𝐾𝑠𝑟 = 1 GN/m, actual shape models for the piston, shank rod and rod, and 
the spring model for the rod joint. (e) 𝐾𝑝𝑠 = 10 GN/s, actual shape models of the piston, shank 
rod and the rod, and the CI model for the rod joint. (f) 𝐾𝑝𝑠 = 10 GN/s, 𝐾𝑠𝑟 = 1GN/s, and 
actual shape models of the piston, shank rod and the rod, and the CI + spring model for the rod 
joint.  
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(e) 
 
Fig. 3.1 (Continued) Comparison between the calculated and measured rod stresses. The time 
when stress wave arrived at the strain gauge was set to be the origin. (a) 𝐾𝑝𝑠 = 600 MN/m, and 
circular cylinder models of the piston, shank rod and the rod. (b) 𝐾𝑝𝑠 = 600 MN/m, and actual 
shape models of the piston, shank rod and the rod. (c) 𝐾𝑝𝑠 = 600 MN/m, 𝐾𝑠𝑟 = 710 GN/m, 
actual shape models for the piston, shank rod and rod, and the spring model for the rod joint. (d) 
𝐾𝑝𝑠 = 10 GN/m, 𝐾𝑠𝑟 = 1 GN/m, actual shape models for the piston, shank rod and rod, and 
the spring model for the rod joint. (e) 𝐾𝑝𝑠 = 10 GN/s, actual shape models of the piston, shank 
rod and the rod, and the CI model for the rod joint. (f) 𝐾𝑝𝑠 = 10 GN/s, 𝐾𝑠𝑟 = 1GN/s, and 
actual shape models of the piston, shank rod and the rod, and the CI + spring model for the rod 
joint.  
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(f) 
 
Fig. 3.1 (Continued) Comparison between the calculated and measured rod stresses. The time 
when stress wave arrived at the strain gauge was set to be the origin. (a) 𝐾𝑝𝑠 = 600 MN/m, and 
circular cylinder models of the piston, shank rod and the rod. (b) 𝐾𝑝𝑠 = 600 MN/m, and actual 
shape models of the piston, shank rod and the rod. (c) 𝐾𝑝𝑠 = 600 MN/m, 𝐾𝑠𝑟 = 710 GN/m, 
actual shape models for the piston, shank rod and rod, and the spring model for the rod joint. (d) 
𝐾𝑝𝑠 = 10 GN/m, 𝐾𝑠𝑟 = 1 GN/m, actual shape models for the piston, shank rod and rod, and 
the spring model for the rod joint. (e) 𝐾𝑝𝑠 = 10 GN/s, actual shape models of the piston, shank 
rod and the rod, and the CI model for the rod joint. (f) 𝐾𝑝𝑠 = 10 GN/s, 𝐾𝑠𝑟 = 1GN/s, and 
actual shape models of the piston, shank rod and the rod, and the CI + spring model for the rod 
joint.  
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Fig. 3.2 Measured (red) and calculated (blue) rod stresses at the measurement point on the rod of 
HD712. 
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(a) 
 
Fig. 3.3 Comparison between the measured rod stress (red) and the one (blue) calculated with 1D 
finite element model of percussive drilling. (a) 𝐾𝑝𝑠 = 600 MN/m. (b) 𝐾𝑝𝑠 = 1 GN/m. (c) 𝐾𝑝𝑠 
= 10 GN/m. (d) 𝐾𝑝𝑠 = 100 GN/m.  
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 (b) 
 
Fig. 3.3 (Continued) Comparison between the measured rod stress (red) and the one (blue) 
calculated with 1D finite element model of percussive drilling. (a) 𝐾𝑝𝑠 = 600 MN/m. (b) 𝐾𝑝𝑠 
= 1 GN/m. (c) 𝐾𝑝𝑠 = 10 GN/m. (d) 𝐾𝑝𝑠 = 100 GN/m.  
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(c) 
 
Fig. 3.3 (Continued) Comparison between the measured rod stress (red) and the one (blue) 
calculated with 1D finite element model of percussive drilling. (a) 𝐾𝑝𝑠 = 600 MN/m. (b) 𝐾𝑝𝑠 
= 1 GN/m. (c) 𝐾𝑝𝑠 = 10 GN/m. (d) 𝐾𝑝𝑠 = 100 GN/m. 
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(d) 
 
Fig. 3.3 (Continued) Comparison between the measured rod stress (red) and the one (blue) 
calculated with 1D finite element model of percussive drilling. (a) 𝐾𝑝𝑠 = 600 MN/m. (b) 𝐾𝑝𝑠 
= 1 GN/m. (c) 𝐾𝑝𝑠 = 10 GN/m. (d) 𝐾𝑝𝑠 = 100 GN/m. 
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(a) 
 
Fig. 3.4 Comparison between the measured (red) and calculated (blue) rod stresses. The used model is the 
axisymmetric finite element model. The calculated rod stresses in the left and right figures are computed with 
the coarse-mesh and fine-mesh axisymmetric finite element models, respectively. (a) Variable time step size 
= 1 μs ~ 10 μs. (b) Variable time-step size = 0.1 μs ~ 1 μs. (c) Variable time-step size = 0.05 μs ~ 0.5 μs. 
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(b) 
 
Fig. 3.4 (Continued) Comparison between the measured (red) and calculated (blue) rod stresses. The used 
model is the axisymmetric finite element model. The calculated rod stresses in the left and right figures are 
computed with the coarse-mesh and fine-mesh axisymmetric finite element models, respectively. (a) Variable 
time step size = 1 μs ~ 10 μs. (b) Variable time-step size = 0.1 μs ~ 1 μs. (c) Variable time-step size = 0.05 μs 
~ 0.5 μs.  
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  (c) 
 
Fig. 3.4 (Continued) Comparison between the measured (red) and calculated (blue) rod stresses. The used 
model is the axisymmetric finite element model. The calculated rod stresses in the left and right figures are 
computed with the coarse-mesh and fine-mesh axisymmetric finite element models, respectively. (a) Variable 
time step size = 1 μs ~ 10 μs. (b) Variable time-step size = 0.1 μs ~ 1 μs. (c) Variable time-step size = 0.05 μs 
~ 0.5 μs.  
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(a)                                         (b) 
 
Fig. 3.5 Comparison of rod stress at both A and B. The rod stress at B were shifted 0.376 ms horizontally. Rod 
stress in (a) and (b) are measured waves (Fukui et al. 2010) and computed ones based on the 3D 
axisymmetric finite element model, respectively. 
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Fig. 3.6 Comparison among the measured (red), calculated with 1D model (green) and calculated 
with the axisymmetric finite element model (blue) waves.
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C hapt e r 4  F orce -p en e t ra t ion  c urv e s  o f  a  bu t to n  b i t  ge ne ra te d  du r i ng  
i mpa ct  p ene tr a t ion  i n to  ro c k  
 
4 .1  In t rod uc t io n   
N u me r ic a l  s i mu l a t ion  i s  an  e f f e c t i ve  app r oac h  to  e s t i ma te  t he  pe r f o r ma nc e  
and  e f f i c i en c y  o f  pe rc us s ion  ro ck  d r i l l s  ( Lu ndb e rg  an d  O kr ouh l i k  20 06 ) .  T h e  
fo rc e -pe ne t r a t i on  r e l a t io ns h ip  a t  t h e  b i t  e nd  a f f ec t s  the  s i mu la t io n  r e su l t s  o f  
t h e  roc k  d r i l l  b od y  and  da mp er  s ys t e m,  th e  p i s ton  s t ro ke  and  sp eed ,  a nd  
b l ow s  f r e qu enc y.  T h e  pen e t r a t io n  p e r  un i t  t i me  dep en ds  on  bo t h  t he  p i s t on  
spe ed  an d  b lo w s  f r e que nc y.  T he re f o r e  i t  i s  i mpo r t a n t  t o  kn ow a c cu ra t e  
fo rc e -pe ne t r a t i on  c u r ves  w i th  a  b i t  du r in g  i mp ac t  p en e t r a t i on  in to  ro ck .  
Man y s tud i e s  h a ve  b een  c ond uc te d  on  t h e  i mpa c t  pen e t r a t io n  be ha v i o r  o f  
w ing ,  co n ic a l  an d  w e dge  b i t s  ( S i mo n  19 64 ;  H us t r u l i d  an d  Fa i rh u r s t  19 71a ,  
1971 b ,  197 2a ,  1 972 b ;  G o l ds mi t h  an d  Wu  19 81 ;  Ka r l s so n  e t  a l .  1 989 ) .  
H owe ve r,  t o  d a te ,  l i t t l e  kn o wl ed ge  ha s  b ee n  pu b l i s hed  a bou t  t he  pen e t r a t io n  
beh a v io r  o f  t he  b u t to n  b i t ,  wh i ch  i s  c o mm on l y  u s ed  fo r  h a r d  ro ck  ( C a r l s so n  
e t  a l .  199 0 ;  S ak sa l a  e t  a l .  2 014 ) .  
 
G o ld s mi t h  and  Wu  (1 981 )  con du c t ed  i mp a c t  pe ne t r a t i on  t e s t s  w i th  con i ca l  
and  wed ge  b i t s ,  a nd  o b t a ine d  f o r ce -p en e t r a t io n  cu r ves  fo r  t he m.  In  th e  t e s t s ,  
b i t  f o rc e  w a s  me a su r ed  w i t h  s t r a i n  ga uge s  a t t a ch ed  n ea r  th e  en d  o f  th e  b i t ,  
and  p en e t r a t ion  w as  m ea su re d  w i th  a  c apa c i t i ve  d i sp la ce me n t  s en s o r  a t t a c hed  
to  t he  rod .  R e cen t l y,  Sak sa l a  e t  a l .  ( 201 4 )  con duc t ed  i mpa c t  p en e t r a t i on  t e s t s  
on  th re e  bu t t on  t ip s  e mb edd ed  in t o  the  en d  o f  a  r od  ( a  sp ec ia l  t r ip l e -bu t to n  
b i t )  u s in g  the  sa me  m ea su re me n t  me tho d  a s  G o ld s mi t h  a nd  Wu  ( 1981 ) .  T h i s  
me as u r e men t  me t hod  r e qu i r e s  s t r a i n  ga ug es  to  b e  a t t a ch ed  n ea r  th e  en d  o f  t he  
b i t  f o r  e l i mi n a t ing  th e  in f lu en ce  o f  e l a s t i c  w a ve  r e f l e c t ion  b e tw een  the  b i t  
and  r od .  T h e r e fo re  t he  me t hod  c ann o t  b e  u s ed  w he n  th e  b i t  i s  i n  a  de ep  
bo r eh o le .  A s  th e  d i s p la ce me n t  s e ns o r  i s  a t t a ch ed  a t  a  d i s t an ce  f ro m t he  b i t  
end ,  t h i s  c a us es  me a su re me n t  e r r o r s  du r i ng  pe ne t r a t i on  a nd  t he re  i s  l ow 
du r ab i l i t y  t o  e l a s t i c  s t r e s s  w a ve s .  M or eo ve r,  t h e  mea su r ed  b i t  fo r ce  and  
pen e t r a t ion  exh i b i t  t e mpo r a l  d i f f e r e nc es  in  th i s  me th od .  To  o ve r co me  th e s e  
d r aw ba ck s ,  Ka r l s s on  e t  a l .  ( 19 89 )  c ond uc t ed  i mpa c t  pe ne t r a t io n  t e s t s  w i th  a  
we dge  b i t .  T h e y  a t t ac hed  s t r a i n  g aug es  to  a  r od  a t  t wo  po in t s  a t  a  d i s t a nce  
f ro m t he  b i t  en d ,  an d  ca l cu la t ed  th e  b i t  fo rc e  a nd  p en e t r a t io n  f ro m t h e  
me as u r ed  ro d  s t r e s s .  T h i s  me t hod ,  k no w n  a s  th e  t wo - po in t  s t r a in  
me as u r e men t  (T P SM )  me t ho d ,  w as  p rop o sed  b y  Lu ndb e rg  a n d  H en ch oz  
(19 77 ) ,  a nd  u sed  in  i mp ac t  pe ne t r a t io n  t e s t s  b y  Ka r l s son  e t  a l .  ( 1989 ) .  
68 
C a r l s s on  e t  a l .  ( 1 990 )  ap p l i ed  th e  T P SM  m e t hod  to  i mpa c t  pen e t r a t io n  t e s t s  
w i th  a  bu t t on  b i t ,  a nd  suc ce ed ed  in  ob t a in in g  f o r ce -p en e t r a t ion  cu r ves  fo r  t he  
b i t .  A l tho ugh  the  r e su l t s  a r e  va lu ab le  fo r  an  ac tu a l  b u t t o n  b i t ,  t he i r  
equ ip me n t  ha d  th re e  ma jo r  d i f f e r enc e s  f r o m a n  ac t ua l  r oc k  d r i l l .  1 )  T h e  
p i s to n  i n  t he i r  eq u i p me n t  wa s  a  so l id  c y l i nde r  ha v i ng  th e  s a me  d ia me t e r  a s  
th e  rod ,  wh i l e  t he  p i s t on  in  an  ac tu a l  r oc k  d r i l l  ha s  an  in t r i c a t e  sh ape .  2 )  T h e  
p i s to n  c o l l i de d  d i r e c t l y  w i th  t he  r od  in  t he i r  e qu ip me n t ,  wh e re a s  th e  p i s ton  
in  an  ac tu a l  ro ck  d r i l l  c o l l ide s  w i th  a  s h ank  ro d  th a t  i s  con n ec te d  to  an  
ex te ns i on  r od  v ia  a  r od  j o in t ,  a nd  th i s  co l l i s i on  b e tw ee n  t he  p i s ton  a nd  th e  
sha nk  rod  in  a n  ac t ua l  r oc k  d r i l l  g ene r a t e s  in t r i c a t e l y  s h ape d  e l a s t i c  w a ves .  
3 )  T he  rod  in  the i r  eq u i p men t  w as  a  so l id  c y l i n de r,  w h i l e  an  a c tu a l  rod  i s  a  
ho l lo w c y l i n de r  ( fo r  f lu sh in g ) .  T he  s ma l l e r  c r o s s - s ec t i ona l  a r e a  o f  th e  ro d  
cau se s  a  l a rge r  d i f f e r enc e  in  aco us t i c  i mpe dan ce  be t we en  a  r od  a nd  b i t ,  an d  a  
h i ghe r  wa ve  r e f l ec t io n  a t  t h e  b ou nda r y.  To  in c r ea se  th e  kno w l edg e  on  t he  
fo rc e -pe ne t r a t i on  c u r ves  du r in g  pe r cu ss i ve  ro ck  d r i l l i n g ,  i t  i s  i mpo r t an t  t o  
a s se s s  th e  a pp l i c ab i l i t y  o f  th e  T P SM me t h od ,  t o  in ve s t iga t e  th e  d i ff e r en ce  
f ro m s i mp l i f i e d  co mp one n t s ,  a nd  t o  o b ta in  p r ec i se  fo r ce -p en e t r a t io n  c u r ve s ,  
u s in g  th e  s a me  co mpo nen t s  i n  an  ac t ua l  r oc k  d r i l l .  
 
I n  th i s  s tud y,  t he  i mpa c t  p ene t r a t i on  beh a v io r  o f  a  bu t t on  b i t  wa s  
in ve s t iga t ed  b y  me a ns  o f  l a bo ra to r y  t e s t s .  U nna t u r a l  f lu c tu a t i on s  we r e  
obs e r ve d  in  the  f o rc e -p ene t r a t i on  cu r ves  c a l cu l a t ed  f ro m t he  r o d  s t r e s s  a s  
me as u r ed  w i th  t he  T P SM me th od .  T h e r ea f t e r  t h e  r ea so n  f o r  th i s  wa s  
e l uc id a t e d ,  and  a  d a t a  co r r e c t ion  me t ho d  wa s  p ro po se d  u s ing  a  nu me r ic a l  
s i mu la t io n .  T he  co r r e c t i on  me t hod  w as  ap p l i ed  to  t he  me as u red  ro d  s t r e s s ,  
and  ac cu ra te  f o r ce -p e ne t r a t io n  cu r ve s  w i t h  a  bu t to n  b i t  we re  ob ta i ned  f ro m 
th e  i mp ac t  pe ne t r a t i o n  t e s t s .  
 
4 . 2  P rob l e ms  in  t he  c a l cu l a t i on  o f  a  fo r ce - pen e t r a t ion  c u r ve  
F i g .  4 . 1  sh o ws  a  s e t  o f  ro d  s t r e s se s  me as u r ed  a t  𝐴 an d  𝐵 w i th  b l u e  a nd  r ed  
so l id  cu r ve s ,  r e s pe c t i ve l y,  i n  th e  SB IP t e s t  men t io ne d  i n  Se c t i on  2 . 4 . 4 .  In  
th i s  s tu d y,  t h e  t i me  w hen  t he  e l a s t i c  wa ve  a r r i ve d  a t  𝐴 wa s  se t  t o  th e  o r ig i n .  
T he  ro d  s t r e s s  me a su r ed  a t  𝐵 i s  l e f t - s h i f t ed  b y  0 .3 76  ms  a l ong  the  ho r i z on ta l  
ax i s ,  an d  s ho wn  w i t h  a  b r ok en  c u r ve .  T he  co mp r es s i ve  r od  s t r e s s  w a s  
me as u r ed  a t  𝐵 0 . 3 76  ms  a f t e r  be i ng  mea s u r ed  a t  𝐴,  a nd  th e  e l a s t i c  wa ve  
ve lo c i t y  508 0  m/ s  wa s  ob ta i ned  b y  d i v i d in g  th e  d i s t a nc e  o f  1 91 0  mm b y  th e  
a r r i va l  t i me  d i f f e r en ce  o f  0 .3 76  m s  be t we en  𝐴  an d  𝐵 .  T he  ro d  s t r e s s  
me as u r ed  a t  𝐵 w as  o ve r l app ed  w i th  t he  e l a s t i c  w a ve  r e f l e c t ed  a t  t he  b i t  en d  
a f t e r  a bou t  0 .7  ms .  A l tho ugh  th e  t e mpo r a l  c ha nge  in  rod  s t r e s s  a t  𝐵 i s  
s i mi l a r  t o  tha t  a t  𝐴 b e f o r e  0 . 3  ms ,  t he  h ig h - f r eq ue nc y  c o mpo ne n t s  do  n o t  
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c l o s e l y  ag r ee  w i th  e ac h  o th e r,  wh ic h  cou l d  b e  c au se d  b y  f r eq uen c y  d i s pe r s i on  
o r  t he  th re e -d i men s io na l  e f f ec t  o f  e l a s t i c  wa ve  p rop ag a t i on  ( K o l sk y  1 96 3 ) .  
B eca us e  E q .  ( 2 . 8 )  a s s u me s  th a t  t h e  rod  s t r e s s e s  a t  𝐴  and  𝐵  p e r f ec t l y  
co r r e s po nd  t o  ea ch  o th e r,  t h e  d i f f e r e nc e  i n  rod  s t r e s s e s  p ro ba b l y  p ro du ce s  
so me  c a l cu l a t ion  e r ro r s .  
 
T he  ro d  and  b i t  a r e  sub d i v id ed  i n to  e l e m en t s  in  t he  ca l cu la t i on  w i th  t he  
T P SM me th od  me n t i one d  i n  S ec t io n  2 . 4 .5 .  F i g .  4 . 2  s ho ws  a  s che ma t i c  
i l l u s t r a t io n  and  t w o  c a l cu l a t i on  mod e l s  f o r  t he  rod  a nd  b i t .  T h e  rod  a nd  b i t  
a r e  c on nec t ed  w i t h  e x te r na l  and  in t e r na l  t h r ead s ,  s ma l l  s ec t i on s  o f  wh i ch  a re  
in  c on ta c t  w i th  eac h  o th e r,  and  th e  ro d  end  i s  i n  f i r m c on ta c t  w i t h  th e  b i t ,  a s  
sho w n  i n  F i g .  4 . 2  ( a ) .  S t r e s s  w a ve s  p ro p aga t e  ma i n l y  t h rou gh  the  c on t ac t  
f a ce  no t  t h r oug h  th e  t h r ead s .  T h re ad ed  b i t  mod e l  in  F i g .  4 . 2  ( b )  a s su me s  t ha t  
t h e  th re ade d  po r t io n  o f  th e  b i t  i s  s e pa ra t e  f ro m t he  rod ,  a nd  c an  b e  u sed  i n  
th e  s i mu la t io n  o f  e l a s t i c  w a ve  p ro pa ga t i on  in  Se c t i on  4 . 3 .  H ow e ve r,  t he  
t e mp o ra l  ch ang e  i n  t h e  s t r a in  on  th e  th r ead e d  p o r t i on  o f  th e  b i t ,  w h i ch  c ann o t  
be  me as u red  in  th e  SB IP t e s t ,  i s  r e qu i r ed  f o r  th e  ca l cu la t io n  o f  
fo rc e -pe ne t r a t i on  c u r ves  w i t h  t he  T P SM m e t hod .  S t r a i n  me a su r e me n t  a t  t h e  
b i t  i s  mo r e  d i ff i cu l t  t han  a t  t h e  r od  du e  to  t he  co mp l ex  a nd  n on -a x i s ym me t r i c  
geo me t r y  o f  th e  b i t .  T he re fo re  un i f i ed  b i t  m ode l  in  F i g .  4 . 2  ( c ) ,  w h i ch  u n i f i e s  
rod  and  b i t ,  w as  u se d  to  ca l cu l a t e  f o r ce -p e ne t r a t io n  cu r ves  w i th  the  T P SM 
me th od  in  th e  sa me  w a y  a s  C a r l s so n  e t  a l .  ( 19 90 ) .  T he  l e ng th  o f  a n  e l e me n t  
wa s  s e t  t o  5 .0 8  m m,  t h ro ug h  w h ich  t he  e l a s t i c  wa ve  a t  a  ve loc i t y  o f  5 080  m/ s  
pro pa ga t e s  in  1  μ s ,  a nd  t he  l eng t h  i s  muc h  sh o r t e r  t han  t he  wa ve  l en g th  o f  
abo u t  2 .5  m.  
  
F i g .  4 . 3  ( a )  sh o ws  t he  b i t  fo r ce  𝐹 a nd  th e  p e ne t r a t io n  𝑢,  r e s pe c t i ve l y,  i n  E q .  
(2 . 12 ) ,  c a l cu l a t ed  w i th  t he  T P SM me t ho d .  T he  ro d  s t r e s se s  a t  𝐴 an d  𝐵 i n  
th e  ex pe r i men t ,  s ho w n  w i th  b lue  and  r ed  s o l i d  cu r ve s ,  r e sp ec t i ve l y,  i n  F i g .  
4 . 1 ,  w e r e  i npu t ,  an d  un i f i ed  b i t  mode l  wa s  u s ed  in  the  c a l c u la t io n  o f  F i g .  
2 . 11  (b ) .  T h e  e l a s t i c  wa ve  p as se d  t h r ou gh  𝐴 a nd  𝐵,  an d  a r r i ved  a t  t h e  b i t  
end  a f t e r  ab ou t  0 .5  m s .  T h e  cu r ve  o f  th e  b i t  f o r ce ,  t he  b lu e  cu r ve  in  F i g .  4 . 3  
( a ) ,  sho w s  ma n y  f l u c t ua t ion s  be f o r e  t he  a r r i va l  o f  t h e  e l a s t i c  w a ve ,  w h ich  a r e  
cau se d  b y  t h e  d i f f e r e nce  i n  t he  s t r e s s e s  me asu r ed  a t  𝐴 and  𝐵,  t h e  so l id  b l ue  
and  b ro ke n  r e d  cu r ve s  i n  F i g .  4 . 3 .  A f t e r  t h e  a r r i va l  o f  t he  e l a s t i c  wa ve ,  t he  
pen e t r a t ion  i n c r ea se s  s mo o th l y.  In  co n t r a s t ,  t he  b i t  fo rc e  sh o ws  a  b u mp y 
cu r ve ,  w h ich  i s  c a us e d  b y  no t  on l y  t he  d i f f e r e nce s  in  th e  s t r e s s e s  me as u r ed  a t  
𝐴 an d  𝐵,  bu t  a l s o  b y  t he  mi s ma t ch  b e t we en  th e  a c tua l  b i t  a nd  u n i f i e d  b i t  
mod e l  u s ed  i n  th e  c a l cu la t io n .  F i g .  4 . 3  ( b )  sho w s  t he  fo r ce -p ene t r a t io n  cu r ve  
w i th  a  b lu e  c u r ve ,  w h i ch  ha s  man y  l a rge  f lu c t ua t io n s .  I t  i s  i mpos s ib l e  t o  
ob ta in  p ro pe r t i e s  t he  s lop e ,  p eak  fo rc e  and  pen e t r a t ion  f r o m th e  cu r ve .  
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C ar l s s on  e t  a l .  ( 1 990 )  r e po r t ed  “ th e  th re a ded  co mb i na t io n  o f  r od  a nd  b i t  
beh a ve s  ne a r l y  a s  a  h o mo ge neo us  e l a s t i c  r o d , ”  w h ich  w a s  p ro bab l y  du e  to  t he  
s l igh t l y  s i mp l e r  co mp one n t s  th e y  u s ed  co m pa red  t o  tho s e  in  th i s  s tud y.  T he y  
con duc t ed  th e i r  t e s t s  w i th  a  S and v i k  s t and a rd  rod -b i t  s ys t e m,  b u t  the  s ys t e m 
in c lud e s  a  c y l i nd r i c a l  p i s t on  an d  exc l ud es  a  sha nk  r od  an d  a  ro d  jo in t .  T he  
sa me  co mp on en t s  a s  an  a c tu a l  roc k  d r i l l ,  wh i ch  gen e ra t e  in t r i c a t e l y  sh ap ed  
e l a s t i c  wa ve s ,  we re  u s ed  in  th i s  s tud y,  an d  t he re fo re  i t  wa s  d i f f i c u l t  t o  ob t a in  
fo rc e -pe ne t r a t i on  cu r ves  w i th  t he  T P SM  me t hod .  
 
4 . 3  C on s ide r a t i on  o f  th e  c a l cu l a t ion  me t hod  o f  a  f o rce -p en e t r a t io n  c u r ve  
w i th  nu me r i ca l  s i mu l a t i on  
A n ew  ca l cu la t i on  me th od  to  ob ta i n  a  fo rc e -pe ne t r a t i on  c u r ve  f r o m th e  
me as u r ed  r od  s t r e s se s  i n  t he  SB IP t e s t  w a s  in ve s t iga t ed  b y  u s in g  a  n u me r ica l  
s i mu la t io n  ba se d  on  t he  t he o r y  o f  e l a s t i c  w a ve  p ro pa ga t io n .  T h e  e l a s t i c  w a ve  
p ro pa ga t io n  f r o m 𝐴  t o  𝐵  w a s  s i mu l a t ed  o n  the  a s su mp t i o n  o f  a  
p r ede t e r mi ned  f o r ce - pen e t r a t ion  cu r ve ,  a nd  th e  c a l cu l a t ion  me th od  w as  
exa mi n ed  t o  ob t a in  th e  c u r ve  f ro m th e  rod  s t r e s se s  a t  𝐴  and  𝐵  i n  th e  
s i mu la t io n .  
 
T he  rod  s t r e s s  a t  𝐵  wa s  s i mu la te d  u s in g  E q .  (2 . 9 )  f r o m t he  ro d  s t r e s s  
me as u r ed  a t  𝐴 on  th e  a s su mp t io n  th a t  t he  f o r ce -p ene t r a t i on  r e l a t io n  a t  t h e  
b i t  e nd  i s  t h e  b r ok en  b la ck  c u r ve  in  F i g .  4 . 3  (b ) ,  wh ic h  ha s  s l ope s  o f  250  
MN / m in  loa d ing  a nd  125 0  MN / m in  un l oa d i ng .  T h re ad ed  b i t  m ode l  i n  F i g .  
4 . 2  (b )  w as  u s ed  in  t he  s i mu l a t io n  du e  to  i t s  s i mi l a r i t y  t o  an  ac tu a l  rod  an d  
b i t .  T h e  s i mu l a te d  r e su l t  i s  s ho wn  w i th  a  g r ee n  cu r ve  in  F i g .  4 . 4 ,  wh i ch  
c l o s e l y  a g re e s  w i th  t he  rod  s t r e s s  me as u r ed  a t  𝐵,  sho wn  w i th  a  r e d  cu r ve .  
O ne -d i men s io na l  w a ve  p ro pa ga t io n  wa s  a s s u med  in  t he  s i mu l a t i on ,  a nd  
th e re fo re  th e  ro d  s t r e s s  a t  𝐵  l e f t - s h i f t ed  b y  0 .37 6  ms ,  pe r f ec t l y  
co r r e s po nd in g  t o  the  rod  s t r e s s  a t  𝐴 b e fo r e  th e  a r r i va l  o f  t h e  e l a s t i c  w a ve  
r e f l e c t e d  a t  t h e  b i t  e n d .  
 
F i g .  4 . 5  s ho ws  the  b i t  fo rc e  and  pe ne t r a t io n  w i th  t h i ck  r ed  cu r ves  ca l c u la t ed  
w i th  the  T P SM  me tho d .  T he  rod  s t r e s s e s  a t  𝐴 a nd  𝐵 i n  t he  s i mu la t io n  sh ow n  
w i th  b lu e  a nd  g re en  c u r ve s  i n  F i g .  4 . 4  w e r e  inp u t ,  a nd  u n i f i ed  b i t  mod e l  w as  
u se d .  A s  sh ow n  i n  F i g .  4 . 5  (b ) ,  t h e  pe ne t r a t io n  c lo se l y  ag re e s  w i t h  th e  r e s u l t  
c a l c u la t e d  f ro m t he  r od  s t r e s s e s  a t  𝐴 and  𝐵 i n  th e  exp e r i men t  s ho wn  wi t h  a  
b l ue  cu r ve .  A s  sho wn  i n  F i g .  4 . 5  ( a ) ,  t he  b i t  fo r ce  i s  z e r o  be fo re  a rou nd  0 . 5  
ms  w hen  t he  e l a s t i c  wa ve  a r r i ve s  a t  t h e  b i t  e nd ,  wh ic h  i s  d i f f e r en t  f r o m t he  
r e su l t  s ho wn  w i t h  a  th i c k  b l ue  c u r ve .  T h i s  i s  b ec au se  the  t e mp or a l  ch ang es  in  
th e  ro d  s t r e s se s  a t  𝐴 a nd  𝐵 i n  th e  s i mu la t io n  c lo se l y  a g r ee  w i t h  e ach  o th e r  
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be fo re  th e  a r r i va l  o f  t he  e l a s t i c  w a ve  r e f l ec t e d  a t  t h e  b i t  en d .  H o we ve r,  a f t e r  
0 . 5  ms  the  b i t  f o rc e  h as  s i mi l a r  f l uc tu a t ion s  t o  th e  r e s u l t  sho w n  w i th  a  th i c k  
b l ue  c u r ve .  A cc o rd in g l y  t h e  fo rc e -pe ne t r a t i on  cu r ve ,  t he  r e d  cu r ve  i n  F i g .  4 . 6 ,  
a l so  f lu c tua t ed  a nd  i s  f a r  f ro m t he  a s su me d  cu r ve ,  t he  b r oke n  b la ck  c u r ve .  
T he  f lu c tu a t i on s  i n  th e  b l ue  cu r ves  in  F i g s .  4 . 5  ( a )  an d  4 .6  a r e  c a use d  b y  t he  
d i f f e r en ce  b e tw ee n  a n  a c tu a l  b i t  a nd  u n i f i e d  b i t  mod e l ,  a s  men t ion ed  in  
S ec t io n  4 . 2 .  In  c on t r a s t ,  t h e  f lu c tu a t i on s  i n  the  r e d  cu r ve s  i n  t he  f i gu re s  a r e  
cau se d  b y  th e  d i f f e r e nce  be t w een  t h re ade d  b i t  mo de l  i n  th e  s i mu l a t i on  o f  the  
rod  s t r e s s  a t  𝐵  an d  un i f i ed  b i t  mode l  in  t he  ca l cu la t i on  o f  t he  
fo rc e -pe ne t r a t i on  cu r ve .  I f  t he  s a me  mo de l ,  su ch  a s  u n i f i ed  b i t  m ode l ,  i s  u se d  
in  the  c a l c u l a t ion s  o f  r od  s t r e s s  a t  𝐵 and  t he  fo r ce -p ene t r a t i on  cu r ve ,  t he  
f lu c t ua t io n s  do  n o t  ap pea r  in  th e  c u r ve s .  H ow e ve r,  t h r ead ed  b i t  mod e l  co u ld  
no t  be  u s ed  in  t he  c a l cu l a t i on  o f  th e  fo r ce -pe ne t r a t i on  c u r v e  bec au se  th e  
s t r e s s  on  th e  t h r ea d  p o r t io n  o f  th e  b i t  cou l d  no t  b e  me as u red  in  th e  SB IP  t e s t ,  
a s  men t io ne d  in  S ec t i on  4 .2 .  
 
To  e l i mi na t e  t he  f lu c tu a t ion s  i n  th e  cu r ve s ,  a  f r e e  b i t  e nd  ( FB E )  t e s t  w a s  
s i mu la te d ,  i n  wh i ch  t he  p i s to n  co l l id e s  w i t h  the  s ha nk  ro d  w i th  th e  b i t  a s  a  
f r ee  en d .  T he  ro d  s t r e s s  a t  𝐵 w as  s i mu l a t ed  b y  E q .  (2 . 9 )  f r o m t he  rod  s t r e s s  
me as u r ed  a t  𝐴 on  t he  a s s u mp t ion  o f  th e  FB E  t e s t .  T h r ea ded  b i t  mo de l  i n  F i g .  
4 . 2  (b )  w as  u se d  i n  th e  s i mu la t i on .  T he  s i mu la t ed  r e su l t  i s  s h ow n  w i th  a  
b l ac k  c u r ve  in  F i g .  4 . 4 ,  wh i ch  s ho ws  a  l a rg e r  t en s i l e  wa ve  r e f l ec t e d  a t  t h e  b i t  
end  tha n  t ha t  i n  t he  S B IP t e s t ,  sh ow n  w i th  a  g r een  c u r ve .  
 
F i g .  4 . 5  ( a )  s ho ws  th e  b i t  f o r ce  w i t h  a  th in  r ed  c u r ve  ca l cu l a t ed  w i th  the  
T P SM me th od .  T he  r od  s t r e s se s  a t  𝐴 a nd  𝐵 i n  t he  s i mu la t io n ,  s ho wn  wi t h  
b l ue  a nd  b l ac k  cu r ve s ,  r e sp ec t i ve l y,  i n  F i g .  4 . 4  we re  in pu t ,  an d  un i f i ed  b i t  
mod e l  wa s  u sed .  A f t e r  t he  a r r i va l  o f  t h e  e l a s t i c  w a ve  a t  t he  b i t  end ,  t he  b i t  
fo rc e  in  th e  FB E  t e s t  sho u ld  be  ze r o ,  bu t  ex h i b i t s  s i mi l a r  f lu c tua t io ns  to  t ha t  
i n  th e  SB IP t e s t  sh o wn  w i th  a  th i ck  r ed  cu r ve .  A s  men t i one d  a bo ve ,  t h e  
f lu c t ua t io n s  a r e  c au se d  b y  t he  d i f f e r e nce  b e t w een  t h r ea ded  b i t  mod e l  in  the  
s i mu la t io n  o f  t he  r od  s t r e s s  a t  𝐵 an d  un i f i ed  b i t  mod e l  in  th e  c a l c u l a t ion  o f  
th e  fo rc e -pe ne t r a t i on  cu r ve .  B ec au se  t he  f l uc tu a t i on s  a r e  p r oba b l y  ge ne ra t ed  
b y  th e  sa me  c au se  i n  bo th  the  s i mu l a t ion s  o f  th e  FB E  an d  SB I P t e s t s ,  t h e  
au tho r  e xpe c t s  th a t  t h e  f luc t ua t io ns  c an  b e  e l i mi n a ted  b y  s u b t r ac t in g  th e  b i t  
fo rc e  in  t he  FB E  t e s t  f ro m tha t  i n  th e  SB I P t e s t .  F i g s .  4 . 5  ( a )  a nd  4 .6  sh ow  
th e  b i t  f o rce  a nd  f o r ce -pe ne t r a t i on  cu r ve  w i th  b l a ck  cu r ves  c o r r ec t ed  w i t h  
th e  su b t r ac t i on .  T h e  f ig u r e s  sho w  th a t  t h e  ma n y  f lu c tu a t ion s  i n  th e  b i t  fo rc e  
and  fo r c e -pen e t r a t io n  cu r ve  a re  e l i mi n a t ed  w i t h  th e  co r r e c t ion .  C o mpa r in g  
th e  co r r ec t ed  an d  a s su me d  fo rc e -pe ne t r a t io n  c u r ve s ,  t h e  so l id  and  b ro ken  
b l ac k  cu r ve s  in  F i g .  4 . 6  t he  cu r ve s  a r e  c lo s e  to  e ach  o t he r.  
72 
 
T h i s  s e c t i on  d e mon s t r a t ed  a n  ex a mp le  o f  nu me r i ca l  s i mu la t i on  on  t he  
a s su mp t io n  o f  a  p r ede t e r mi ned  f o r ce -p ene t r a t i on  cu r ve .  A dd i t ion a l  
c a l c u la t io ns  sho w ed  th a t  t he  c o r r ec t io n  me th od  c ou ld  b e  ap p l i ed  to  the  
fo rc e -pe ne t r a t i on  cu r ves  r an g ing  f ro m so f t  t o  h a r d  ro ck s .  T he  r e su l t s  o f  t he  
nu me r ica l  s i mu la t i on  in d ica t e  th a t  t he  b i t  fo rc e  c a l cu l a t e d  w i t h  t he  T P SM  
me th od  i n  th e  SB IP t e s t  c a n  b e  co r r ec t ed  b y  su b t r ac t in g  th e  b i t  fo r ce  i n  th e  
FB E  t e s t .  T h e  co r r e c t i on  me tho d  i s  ap p l i e d  wh en  th e  con t a c t  c on d i t i on  
be t wee n  t he  r od  an d  b i t ,  wh ic h  a ff ec t s  t he  e l a s t i c  w a ve  p r op aga t io n ,  i s  
s i mi l a r  i n  bo th  t he  SB IP  an d  FB E  t e s t s .  T h e  rod  s t r e s s  a t  𝐵 i n  bo t h  t he  SB IP 
and  FB E  t e s t s  w as  ca l cu la t ed  f r o m th e  s a me  r od  s t r e s s  mea su r ed  a t  𝐴 i n  th e  
nu me r ica l  s i mu l a t ion .  In  c on t r a s t ,  t he  r od  s t r e s s  a t  𝐴 v a r i e s  w i th  eac h  b l o w,  
and  t h i s  va r i a t io n  n e eds  t o  b e  ve r i f i e d  in  th e  a pp l i c a t ion  o f  t h e  co r r e c t ion  
me th od  to  t he  a c tua l  SB IP t e s t .  
 
4 . 4  R e su l t s  and  d i sc u ss i on  o f  th e  SB IP t e s t s  
4 . 4 .1  Fo rc e -pe ne t r a t i on  cu r ves  
A n  FB E  t e s t  wa s  co nd uc te d ,  an d  ro d  s t r e s s  wa s  me a su re d  i n  th e  s a me  wa y  a s  
in  t he  SB IP  t e s t .  F i g .  4 . 7  s ho ws  t he  th r ee  r e su l t s  i n  th e  SB IP  t e s t s  an d  a  
r e su l t  i n  the  FB E  t e s t  s o  t he  au t ho r  ca n  ex a min e  t he  va r i a t ion  f ro m b lo w t o  
b l o w.  T he  b lu e  c u r ve s  a r e  th e  s a me  a s  th e  r od  s t r e s s e s  mea su re d  a t  𝐴 and  𝐵 
i n  F i g s .  4 . 1  an d  4 .4 .  T he  ro d  s t r e s se s  b e fo re  t he  a r r i va l  o f  t he  e l a s t i c  w a ves  
r e f l e c t e d  a t  t h e  b i t  en d ,  0 -1 . 2  ms  a t  𝐴 an d  0 -0 .8  ms  a t  𝐵,  a r e  s i mi l a r  i n  bo t h  
th e  SB IP a nd  FB E  t e s t s .  T h e  s ma l l  d i f f e r e n ce s  in  th e  r od  s t r e s se s  a t  𝐴 o r  𝐵 
b e t wee n  t e s t s  a r e  p ro bab l y  c au sed  b y  t he  p re se nc e  o r  a bs en ce  o f  th ru s t  fo rc e ,  
o r  b y  t he  va r i a t io n  in  p i s to n  ve lo c i t y  in  e a ch  b l o w.  A s  sh ow n  b y  t he  co lo r ed  
cu r ve s ,  t he  r od  s t r e s s  a t  𝐵 v a r i ed  w i th  b lo ws  a f t e r  abo u t  0 . 8  m s ,  wh en  the  
r e f l e c t e d  wa ve  o ve r l a ps .  T h i s  va r i a t i on  w i t h  b l ow s  i s  p rob ab l y  c aus ed  b y  th e  
con t ac t  con d i t ion s  be t we en  t he  b i t  a nd  r oc k ,  o r  b y  a  f au l t  i n  th e  roc k ;  fo r  
exa mp l e ,  t h e  t en s i l e  wa ve  r e f l e c t ed  a t  t h e  b i t  e nd  b eco me s  l a rge  whe n  t he  b i t  
i s  n o t  i n  c l o s e  co n t ac t  w i th  ro ck .  
 
T he  b i t  fo r ce s  we r e  c a l cu l a t ed  f ro m th e  fo u r  r e su l t s  i n  F i g .  4 . 7  u s in g  u n i f i ed  
b i t  mod e l  w i th  th e  T P SM me tho d ,  a nd  th e y  a r e  sh o wn  in  F i g .  4 . 8  ( a ) .  T h e  
ca lc u la t e d  b i t  fo r ce s  c l o s e l y  ag re e  w i th  ea ch  o t he r  b e fo re  ab ou t  0 .7  ms ,  a s  
exp ec te d  f ro m th e  h ig h  r ep ro duc i b i l i t y  in  F ig .  4 . 7 .  D i f f e re nc es  b e t w een  the  
SB IP an d  FB E  t e s t s ,  a nd  va r i a t io ns  wi t h  b l o ws  in  t he  SB IP t e s t s  a r e  ob se r ved  
a f t e r  0 . 7  ms ,  b u t  t he  f lu c tua t i on s  a r e  s i mi l a r  t o  ea ch  o t he r.  T h e  b i t  fo rc e s  in  
th e  SB IP t e s t s  we r e  c o r r ec t ed  b y  su b t r ac t i ng  th e  b i t  fo r ce  in  th e  FB E  t e s t ,  a nd  
th e y  a re  sh ow n  in  F i g .  4 . 8  ( b ) .  Ma n y f lu c tua t io ns  w e r e  e l i mi n a te d ,  a s  w a s  the  
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ca se  i n  th e  n u me r ica l  s i mu la t i on .  T h e  fo rc e -pen e t r a t io n  c u r ve s  be fo re  an d  
a f t e r  t h e  co r r e c t ion  i s  sh o wn  in  F i g s .  4 . 9  ( a )  and  (b ) ,  wh i c h  sh ow s  a  
s ign i f i c an t  r ed uc t io n  in  f l uc t ua t io ns  in  the  cu r ve s .  T h e  p roc ed u r e  i s  s ho wn  a s  
co r r ec t io n  i n  F i g .  4 . 10 .  T h e  co r r ec t i on  me t hod  e l i mi n a ted  th e  f lu c t ua t io n s  
cau se d  b y  the  e r ro r  f ac to r s  s uc h  a s  th e  mi s ma tc h  be t w een  the  a c t ua l  b i t - r o d  
con nec t i on  an d  u n i f i ed  b i t  mo de l ,  t he  f r eq ue nc y  d i sp e r s io n  a nd  
th r ee -d i me ns io na l  e f f ec t  o f  e l a s t i c  wa ve  p ro pa ga t io n .  H o we ve r,  un na tu r a l  
cha nge s  i n  th e  s lo pe s  j u s t  be f o r e  th e  pea ks  a r e  ob se r ved ,  a s  c i r c l e d  in  F i g s .  
4 . 8  ( b )  a nd  4 .9  (b ) .  I f  t h e  c ha nge s  i n  t h e  s lo pe s  o f  t he  f o r ce - pen e t r a t ion  
cu r ve s  a r e  c au se d  b y  r ock  c h ip p i ng ,  t he  cha nge s  oc cu r  a t  r an do m t i me s .  
H owe ve r,  F i g .  4 . 8  (b )  sho w s  th a t  ab ru p t  ch a nge s  in  th e  s l ope s  a r e  obs e r ve d  a t  
t h e  s a me  t i me ,  an d  th e r e f o re  t he  co r r e c t ion  i s  p r ob ab l y  i n su f f i c i en t  fo r  so me  
r e a s on .  
 
To  und e r s t and  th e  r ea son ,  t h e  b i t  f o r ce  in  th e  FB E  t e s t ,  t h e  b l a ck  c u r ve  in  
F i g .4 .8  ( a ) ,  i s  sh ow n  w i th  a  t h in  b l ue  c u r ve  i n  F i g .  4 . 5  ( a ) .  A s  me n t i on ed  in  
Sec t io n  4 . 3 ,  t h e  b l a ck  cu r ve  in  F i g .  4 . 5  ( a )  i s  t he  d i f f e r en ce  be t w e en  t he  th i ck  
and  th in  r ed  c u r ve s  ca l cu l a t ed  f r o m th e  s t r e s s e s  a t  𝐴  and  𝐵  i n  t he  
s i mu la t io n ,  an d  t he  c u r ve  ha s  no  f luc t ua t i ons .  In  con t r a s t ,  t h e  b l ue  c u r ve  in  
F i g .  4 . 8  (b )  i s  t h e  d i f f e r e nc e  b e t wee n  th e  t h i ck  an d  th in  b lu e  cu r ves  i n  F i g .  
4 . 5  ( a )  c a l c u la t e d  f ro m th e  s t r e s s e s  a t  𝐴 an d  𝐵 i n  th e  e xp e r i me n t ,  a nd  t he  
cu r ve  h as  man y  f l uc t ua t ion s .  T h e  s ma l l  p e aks  in  F i g .  4 . 5  ( a )  c l o se l y  ag re e  
w i th  e ac h  o th e r  i n  the  th i ck  b l ue  a nd  r e d  cu r ves ,  bu t  no t  i n  th e  th in  b lue  and  
r e d  cu r ves .  T h i s  i s  p ro ba b l y  be ca us e  t he  e l a s t i c  wa ve  p ro pa g a t i on  a t  t he  
con nec t i on  be t w een  t he  r od  an d  b i t  cha ng e s  i n  th e  SB IP and  FB E  t e s t s  d ue  to  
th e  ch ang e  in  the  con ta c t  co nd i t io ns .  In  v i ew  o f  th e s e  r e s u l t s ,  t he  t h in  r ed  
cu r ve  in  F i g .  4 . 5  ( a )  wa s  su b t r ac t ed  f r o m t he  co lo r ed  cu r ve s  in  F i g .  4 . 8  ( a )  
be t wee n  0 .8  and  1 . 0  ms  w hen  t he  b i t  f o r c e  i s  h i gh  in  t he  SB IP t e s t s .  T he  
co r r ec t ed  b i t  fo rc e s  a nd  f o rce -p en e t r a t io n  cu r ve s  a r e  s ho wn  in  F i g s .  4 . 8  ( c )  
and  4 . 9  ( c ) ,  r e sp ec t i ve l y,  wh i ch  sh o w t ha t  t h e  f lu c tua t i on s  an d  a b r up t  
cha nge s  be fo r e  th e  pe aks  a r e  e l i mi n a ted  f r o m Fi g s .  4 . 8  (b )  an d  4 .9  ( b ) .  T he  
p ro ce du re  i s  sh ow n  a s  add i t i ona l  co r r e c t io n  in  F i g .  4 . 10 .  T h e  ad d i t ion a l  
co r r ec t io n  w i th  th r ead ed  b i t  mo de l  i s  j u s t  f o r  t he  th re ad ed  b i t - r od  con nec t i on .  
T he  co r r e c t ion  me th o d  wa s  co nc e i ve d  u s i n g  th e  s i mu la t i on  f o r  t he  b lu e  cu r ve  
in  F i g .  4 . 7 ,  w h ic h  s ho ws  the  r e f l ec t ed  w a ve  ma i n l y  co mp re s s i ve .  T he  me th od  
cou ld  be  a pp l i e d  to  th e  r e d  a nd  g r een  c u r ve s  w h ich  sh ow  l a rge r  t en s i l e  
r e f l e c t e d  wa ve s ,  a s  ex pec t ed  f ro m t he  n u me r ic a l  s i mu la t io n .  
 
T he  c o r r ec t ed  fo rc e - pen e t r a t ion  cu r ve s  in  th e  SB IP t e s t s  i nd i c a t e  th a t  t he  
cu r ve s  a r e  c onc a ve  u pw ar d  a nd  th a t  t he  s l ope  i s  muc h  l a rge r  i n  un lo ad i ng  
th an  in  loa d in g .  E ven  tho ugh  ac tu a l  ro ck  d r i l l  co mpo ne n t s  we re  u se d  i n  t h i s  
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s tud y,  t h e  au th o r s  be l i e ve  tha t  t he  c u r ve s  a r e  mo re  p re c i s e  t han  t ho se  w i t h  
th e  s t a nda r d  rod -b i t  s ys t e m i n  C a r l s son  e t  a l .  ( 199 0 ) ,  i n  wh i ch  l a rg e  
f lu c t ua t io n s  we re  o bs e r ved  n ea r  t he  o r ig in .  P re v i ou s  s tud i e s  sho we d  th a t  t he  
fo rc e -pe ne t r a t i on  c u r ves  fo r  g r an i t e  in  s t a t i c  pen e t r a t io n  t e s t s  w i th  a  bu t to n  
t ip  (M i l l e r  19 68 )  an d  a  con i ca l  t i p  (D u t t a  1 97 2 ;  Lu nd be rg  19 74 )  a r e  no t  
s moo th  due  t o  r oc k  c h i pp in g  in  c o mpa r i so n  w i th  t he  c u r ve s  in  F i g .  4 . 9  ( c ) .  
O kubo  e t  a l .  ( 199 5 )  r e po r t ed  t ha t  t h e  f o r ce - pen e t r a t ion  cu r ve  f o r  g r an i t e  w i th  
a  bu t to n  b i t  i n  a  s t a t i c  pe ne t r a t io n  t e s t  ha d  th re e  a b r up t  c ha nge s  in  t he  s l op e  
be fo re  r e ac h ing  t he  p eak  fo r ce ,  an d  th a t  t h e s e  ch an ge s  we re  p r o bab l y  ca us ed  
b y  r ock  ch ip p ing .  T h e  fo r ce -p ene t r a t i on  c u r ve s  a r e  s moo th e r  i n  th e  SB IP  
t e s t s  t h an  t ho se  i n  s t a t i c  pe ne t r a t i on  t e s t s ,  wh i ch  i nd ic a te s  t ha t  i mp ac t  
pen e t r a t ion  i s  no t  a c co mpa n ied  b y  l a rge  r ock  c h ipp i ng .  T he  m ech an i s m o f  
i mpa c t  and  s t a t i c  pe n e t r a t i on  be ha v i o r  i s  a n  i s s u e  to  b e  r e so l ved  i n  a  fu tu re  
s tud y.  
 
4 . 4 .2  Imp ac t  p ene t r a t i on  beh a v i o r  
Fo r ce -p en e t r a t ion  c u r ves  we re  o b ta in ed  u s i ng  t he  co r r e c t ion  me t hod  in  F i g .  
4 . 9  ( c )  f r o m t he  4 2  S B IP t e s t s ,  ex ce p t  f o r  t he  n in t h  t e s t  fo r  wh i c h  t he re  wa s  a  
f a i lu r e  i n  me a su re me n t .  T he  c u r ves  d o  no t  s ho w  la rge  f luc t ua t i ons  and  a r e  
s i mi l a r  t o  th e  th re e  cu r ve s  i n  F i g .  4 . 9  ( c ) .  A s  s ho wn  i n  F i g .  4 . 11 ,  t he  
fo l lo w in g  da t a  w e r e  c a l cu l a t ed :  pea k  f o rc e ,  max i mu m,  f in a l  a nd  e l a s t i c  
pen e t r a t ion s ;  a nd  th r ee  e ne rg ie s :  𝐸1 ( c r u s h i ng  e ne rg y) ,  𝐸2 ( e l a s t i c  s t r a in  
ene rg y)  an d  𝐸 ( t h e  su m o f  th e  e ne rg ie s ) .  
 
T he  ch an ge s  i n  t he  d a ta  w i th  b lo w s  a re  sho wn  in  F i g .  4 . 12 .  T he  pea k  fo r ce  i s  
sho w n  in  F i g .  4 . 12  ( a ) .  T h e  d a ta  i nc re a se  an d  de c re a s e  a l t e rna t e l y  w i th  b lo w s .  
I t  i s  no t ew or t h y  i n  t h e  s i mu la t io n  th a t  t he  fo rc e -pe ne t r a t i on  cu r ves  a r e  no t  
s t r a igh t  b u t  c on ca ve  up wa rd  in  bo th  lo ad in g  a nd  un l oad i ng .  
 
T he  t h r ee  pe ne t r a t i on s  ( max i mu m,  f i na l  an d  e l a s t i c )  a r e  s ho wn  i n  F i g .  4 . 1 2  
(b ) ,  i n  w h ic h  o n l y  t he  e l a s t i c  p ene t r a t i on  i s  i t s  t h ree f o ld  va lu e .  
 
T he  t h ree  ene rg ie s  ( 𝐸1,  𝐸2 an d  𝐸)  a r e  s ho wn  in  F i g .  4 . 12  ( c ) ,  i n  wh ic h  o n l y  
𝐸2 i s  i t s  t wo fo l d  va lue .  In  th e  SB IP t e s t ,  𝐸1 c an no t  be  ob ta i ne d  f r o m t he  
d i f f e r en ce  b e t wee n  th e  i npu t  and  r e f l ec t e d  e l a s t i c  w a ve  en e rg i e s  o n  t he  ro d  
bec au se  th e  e l a s t i c  wa ve s  o ve r l app ed  a t  bo th  𝐴 a nd  𝐵.  I t  i s  a  s ig n i f i ca n t  
ach i e ve me n t  in  t h i s  s tu d y  t ha t  t he  au th o r  ob ta in ed  t he se  en e rg i e s  f ro m t he  
in t eg ra l  o f  t he  f o r ce - pen e t r a t ion  c u r ve s .  
 
T he  d a ta  ob t a i ne d  f r o m th e  fo rc e -pe ne t r a t i on  c u r ve s  a r e  l i s t ed  i n  Tab l e  4 . 1 .  
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T he  SB IP t e s t s  we re  co nd uc te d  u nd e r  co ns t an t  co nd i t ion s ,  w i t h  th e  
coe f f i c i en t  o f  va r i a t i on  be in g  ab ou t  3  %  fo r  t he  i mpa c t  ene rg y  c a lc u la t e d  
f ro m th e  rod  s t r e s s  m ea su re d  a t  𝐴.  T he  co e f f i c i en t s  o f  va r i a t io n  f o r  t he  da t a  
in  Tab le  4 . 1  a r e  muc h  l a rg e r  t ha n  th a t  o f  t h e  inp u t  e ne rg y.  I t  i s  p rob ab l e  th a t  
t h e  co n ta c t  co nd i t io n s  be t w een  t he  b i t  an d  ro ck  va r y  w i t h  b l o ws ,  a nd  th a t  
t h e y  a f f ec t  t he  l a rge  va r i a t io n  in  th e  i n i t i a l  s l ope .  T he  o t he r  f ac to r s  fo r  th e  
va r i a t io n  a r e  p r ob ab l y  va r i a t ion s  in  r ock  p rop e r t i e s  and  d a mag e  t o  t he  r oc k  
cau se d  b y  b lo w s .  T he  pea k  fo rc e  a nd  p en e t r a t i on s  sho w an  a l t e rn a t e  in c r ea s e  
and  de c rea s e ,  w h ich  i nd ic a t e  t ha t  h igh  an d  lo w de g r ee s  o f  d a mag e  a l t e r na t e l y  
occ u r  in  ro ck  w i t h  b lo ws .  In  t he  SB IP  t e s t s ,  t he  b i t  wa s  r o t a t e d  2 5 .7  fo r  ea ch  
b l o w,  a nd  the r e f o re  t he  b i t  ma de  o ne  r o ta t io n  e ve r y  14  b lo w s .  H o we ve r,  a  
pe r iod i c  t r en d  i s  n o t  ob se r ved ,  wh ic h  i s  p ro ba b l y  bec au se  the  da ma ge  i s  
sp re ad  a ro und  t he  p e ne t r a t io n  b y  t i p s ,  a n d  b ec au se  th e  s l ope  o f  th e  ro ck  
su r f ac e  va r i e s  e ve n  i f  t he  t i p s  p en e t r a t e  a t  t he  s a me  lo ca t io n s .  A s i ng l e  
fo rc e -pe ne t r a t i on  cu r ve  w as  u s ed  in  p re v io us  d r i l l i n g  s i mu la t io ns ,  an d  a  
s i mu la t io n  wi t h  c on s i de ra t io n  o f  th e  va r i a t i on  in  t he  cu r ves  w i l l  be  d i sc us s ed  
in  C h ap te r  6 .  
 
4 . 5  C o n c lu s io ns  
In  th i s  cha p te r,  t he  i mp ac t  p en e t r a t i on  be ha v i o r  o f  a  bu t t on  b i t  wa s  
in ve s t iga t ed  ba se d  on  th e  SB IP t e s t s  i n t r od uce d  in  S ec t io n  2 . 4 . 4 .  SB IP t e s t s  
p ro v i d ed  h i gh l y  r ep r odu c i b le  r e s u l t s  un d e r  co ns t an t  b l o w c o nd i t ion s  and  
w i th  t i g h ten i ng  o f  t h e  t h re a d s  a f t e r  e ac h  b l o w.  U nna t u r a l  f luc t ua t ion s  we r e  
obs e r ve d  i n  t he  fo rc e -p ene t r a t i on  c u r ve s  c a l cu l a t ed  w i th  th e  T P SM me t ho d .  
T h i s  i s  p r oba b l y  du e  t o  n o t  on l y  t h e  d i f f e r e nce s  in  the  ro d  s t r e s s e s  mea su r ed  
a t  t he  t wo  po i n t s  on  t he  r od ,  bu t  a l so  t o  t h e  mi s ma t ch  b e t we en  t he  a c t ua l  b i t  
and  t he  ca l c u la t io n  m ode l .  T h e  d a t a  c o r r ec t io n  me th od ,  i n  wh ic h  th e  b i t  fo r ce  
ca l c u la t e d  in  t he  FB E  t e s t  i s  su b t r ac t ed  f ro m tha t  i n  th e  SB I P t e s t ,  wa s  
p ro po se d  u s i ng  a  nu m er i ca l  s i mu la t i on .  
 
T he  c o r r ec t io n  me th o d  w as  ap p l i ed  t o  the  me as u r ed  ro d  s t r e s s e s ,  an d  th e  
fo rc e -pe ne t r a t i on  cu r ves  we re  i mp ro ved  r e ma rk ab l y.  H o we ve r,  t he  s lo pe s  o f  
th e  cu r ve s  ch an ged  u nna tu r a l l y  j u s t  be f o r e  t he  p ea ks ,  wh ic h  w as  p r oba b l y  
due  to  t he  cha ng e  in  t he  c on ta c t  c ond i t io ns  a t  t he  con ne c t i on  be t we en  th e  rod  
an d  b i t  i n  t he  SB IP an d  FB E  t e s t s .  T he r ea f t e r,  t he  b i t  fo rc e  ca l c u la t ed  in  t he  
s i mu la t io n  o f  t he  FB E  t e s t  w as  s ub t r a c te d  f ro m th e  b i t  f o rce  c a l c u l a t ed  f r o m 
th e  me as u r ed  r od  s t r e s se s  i n  th e  SB IP t e s t  wh en  the  b i t  fo r ce  wa s  h igh  a s  
c i r c l ed  in  F i g .  4 . 8  ( b )  in  t h e  SB IP  t e s t .  T h e  ad d i t ion a l  co r r ec t ion  w i th  
th r ead ed  b i t  mo de l  i s  j u s t  fo r  the  t h r ea de d  b i t - r od  co nne c t ion  u sed  i n  th i s  
s tud y.  T h e  co r r e c t ed  f o r ce -p ene t r a t i on  cu r v es  a r e  s mo o th e r  in  the  SB IP t e s t s  
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th an  tho se  in  s t a t i c  p e ne t r a t io n  t e s t s  i n  p r e v io us  s tud i e s ,  w h i ch  in d i ca t e s  th a t  
i mpa c t  pen e t r a t io n  i s  no t  a c co mpa n ied  b y  l a rge  ro ck  ch ip p in g .  
 
T he  p eak  fo r ce ,  s lo pes ,  p ene t r a t i on s  a n d  t h r ee  t yp e s  o f  en e rg ie s  we re  
ob ta in ed  f ro m t he  f o r ce -pe ne t r a t i on  cu r ves  i n  mo re  t ha n  4 0  SB I P t e s t s .  T h e  
va r i a t io ns  i n  th e  f o rc e -pen e t r a t io n  c u r ve s  a r e  p r ob ab l y  ca us ed  b y  th e  con t ac t  
con d i t i on s  be t w een  t he  b i t  a nd  roc k ,  t he  r ock  p r ope r t i e s  a nd  d a ma ge  to  th e  
ro ck  w i th  e ac h  b lo w.  T he  d a ta  c o r r ec t io n  me t hod  p rop os ed  in  t h i s  ch ap t e r  i s  
ba s ed  o n  t he  p r ec i se  t e s t in g  r e s u l t s  a nd  n o t  on  t he  p r ec i se  c a l cu l a t io n  mo de l .  
T he  i mp o r t an t  i s su e s  in  fu tu re  s tud i e s  a r e  t o  c ond uc t  th e  SB IP  t e s t s  w i t h  t he  
b i t s  d i f f e r en t  i n  s i z e  and  t h r ea ds ,  t o  e xa mi ne  th e  e ff ec t s  o f  t he  sha pe  o f  th e  
rod  an d  b i t  on  th e  fo rc e -pe ne t r a t io n  c u r ve s ,  a nd  to  in ve s t ig a te  th e  
app l i c ab i l i t y  o f  th e  me tho d  t o  t he  d r i l l i ng  co mpo ne n t s  o f  d i f f e r e n t  
ma nu fa c t u re r s .  In  s i t u  r oc k  d r i l l i n g  d oe s  no t  p ro v i d e  p re c i se  d r i l l i ng  da t a  
und e r  co ns t an t  c on d i t io ns ,  a nd  th e re fo re  i t  i s  u se fu l  t o  p re d ic t  t h e  e l a s t i c  
wa ve  p rop ag a t ion  a nd  pe ne t r a t io n  be ha v i o r  w i th  p re c i s e  ca l c u la t i on  mo de l s .  
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Table 4.1 Data obtained from the force-penetration curves in the SBIP tests 
 
  
Average 
Standard 
deviation 
Coefficient of 
variation (%) 
Peak force 𝐹𝑚𝑎𝑥 (kN) 457 45.1 9.88 
 
Maximum 𝑢𝑚 2.15 0.236 11.0 
Penetration (mm) Final 𝑢𝑓 1.79 0.272 15.2 
 
Elastic 𝑢𝑒 0.364 0.0582 16.0 
 
𝐸 274 22.5 8.21 
Energy (J) 𝐸1 219 25.9 11.8 
 
𝐸2 54.8 13.1 23.8 
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Fig. 4.1 Rod stresses measured at 𝐴 and 𝐵 in the SBIP test. 
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(a) 
 
 
(b) 
 
 
(c) 
 
Fig. 4.2 Schematic illustration and calculation models of a rod and bit. (a) Schematic illustration. 
(b) Threaded bit model. (c) Unified bit model. 
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(a) 
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Fig. 4.3 Bit force and penetration calculated with the TPSM method. Unified bit model and the 
rod stresses measured at 𝐴 and 𝐵 in the SBIP test shown in Fig. 4.1 were used in the 
calculation. (a) Temporal change of the bit force and penetration. (b) Force-penetration curves. 
The broken black curve was used in the simulation of the rod stress at 𝐵 in Section 4.3.  
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Fig. 4.4 Rod stresses at 𝐴 and 𝐵 in the experiment and simulation. The force-penetration curve 
shown with a broken black curve in Fig. 4.3 (b) was assumed in the simulation of the rod 
stress at 𝐵 in the SBIP test.  
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(a) 
  
(b) 
Fig. 4.5 Bit forces and penetrations calculated with the TPSM method. Unified bit model and the 
rod stresses at 𝐴 and 𝐵 in the table were used in the calculation. (a) Bit force in the SBIP 
and FBE tests. The thick blue curve is the same as the blue curve in Fig. 4.3 (a). The black 
curve indicates the difference between the thick and thin red curves. (b) Penetration in the 
SBIP test. The color of the curves corresponds to that of the curves in (a). The blue curve is 
the same as the red curve in Fig. 4.3 (a).  
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Fig. 4.6 Force-penetration curves obtained from Fig. 4.5. The solid blue and broken black curves 
are the same ones in Fig. 4.3 (b).  
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Fig. 4.7 Rod stresses measured at 𝐴 and 𝐵 in three SBIP and an FBE tests. The rod stresses at 
𝐴 and 𝐵 are shown with thin and thick curves, respectively.  
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(a) 
(b)                                          (c) 
Fig. 4.8 Bit force calculated with the TPSM method. The color of the curves corresponds to that 
of the curves in Fig. 4.7. (a) Calculated results with unified bit model. The colored and black 
curves indicate the results in three SBIP and an FBE tests, respectively. (b) Results after 
correction. The curves in this figure indicate the difference between the bit forces shown with 
colored and black curves in Fig.4.8 (a). (c) Results after additional correction. Before 0.8 ms 
and after 1.0 ms, the curves in this figure are the same as those in Fig.4.8 (b). Between 0.8 and 
1.0 ms, the curves in this figure indicate the difference between the bit forces shown with 
colored curves in Fig.4.8 (a) and a thin red curve in Fig. 4.5 (a).  
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(a) 
(b)                                          (c) 
 
Fig. 4.9 Force-penetration curves calculated with the TPSM method. The color of the curves 
corresponds to that of the curves in Figs. 4.7 and 4.8. (a) Calculated results with unified bit 
model. The bit forces are shown with colored curves in Fig. 4.8 (a). (b) Results after correction. 
The bit forces are shown in Fig. 4.8 (b). (c) Results after additional correction. The bit forces 
are shown in Fig. 4.8 (c). 
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Fig. 4.10 Procedure of the correction method for a force-penetration curve.  
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Fig. 4.11 Schematic illustration of a force-penetration curve. 𝐹𝑚𝑎𝑥 is peak force. 𝑢𝑚, 𝑢𝑓 and 
𝑢𝑒 are maximum, final and elastic penetrations, respectively. 𝐸1, 𝐸2 and 𝐸 are energies 
calculated from the shaded areas. 
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(a) 
 
(b)                                          (c) 
 
Fig. 4.12 Data obtained from the force-penetration curves for each blow in the SBIP tests. (a) 
Peak force. (b) Maximum, final and elastic penetrations. (c) Three types of energies, 𝐸1, 𝐸2 
and 𝐸.
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C hapter 5  E f f ec t  o f  b i t  con f igura t ion  in  i mpact  pe ne tra t ion  t e s t s  w i th  
but ton  b i t s  
 
5 .1  In t roduc t ion  
A s  p rev ious l y  men t i oned  in  C hap te r  2 ,  t he  ba s i c  mechan i s m o f  rock  
f r ag men ta t ion  unde r  pe rcuss i ve  d r i l l i ng  i s  i nden ta t ion  load in g  du r ing  
r epea ted  i mpa c t s  wh i ch  r e su l t s  i n  the  pen e t r a t ion  fo rce s  neede d  fo r  t he  
rock  f a i lu re .  T he  mag n i tude  o f  th e  fo rce s  a ff ec t s  the  d r i l l i ng  pe r fo r mance  
and  i s  go ve rned  b y  th e  geo me t r y  o f  the  in s e r t s  o r  cu t t e r s  on  the  d r i l l  b i t  
(A j ibose  2015 ) .  A tho rough  unde r s t and ing  o f  the  b i t - rock  in t e rac t ion  i s  o f  
cons ide rab le  i mpor tan ce  in  i mpro v ing  h yd r au l i c  rock  d r i l l s ,  e spe c ia l l y  in  
d r i l l  b i t  de s ign .  
 
R esea rch  conduc ted  by  Lundbe rg  (1973a ,  b ) ,  P au l  and  S ika r sk ie  ( 1965 ) ,  L i  
and  G u  (1994 ) ,  Ka r l s son  e t  a l .  ( 1989 )  and  G o lds mi th  and  Wu  ( 1981 )  on  
rocks  showed  tha t  t he  r e l a t ionsh ip  be tw een  the  b i t  fo rce  𝐹  and  the  
pene t r a t ion  u  o f  t he  i nden te r  was  r ep re s en t ed  a s  F ig .  5 . 1 .  T he  r e l a t ionsh ip  
was  app rox i ma ted  fo r  the  load ing  and  un loa d ing  phase  a s :  
 
𝐹𝑟𝑜𝑐𝑘 = {
𝐾𝑢                                       𝑓𝑜𝑟 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 
𝐹𝑚𝑎𝑥 − 𝛾𝐾(𝑢𝑚𝑎𝑥 − 𝑢)        𝑓𝑜𝑟 𝑢𝑛𝑙𝑜𝑎𝑑𝑖𝑛𝑔 
 ( 5 . 1 )  
 
whe re  𝐾  i s  t he  pene t r a t ion  r e s i s t ance  p roduced  b y  pene t r a t ing  o r  
inden t ing  rock  pe r  un i t  dep th  and   𝛾 i s  t he  un load ing  r a t e  con s tan t .  
 
In  th i s  chap te r,  t he  i mpac t  p en e t r a t ion  be hav io r  o f  bu t ton  b i t s  i n to  rock  
was  in ves t iga ted  fo r  bu i ld ing  the  b i t - ro ck  in t e rac t ion  mode l .  Impa c t  
pene t r a t ion  t e s t s  on  Inada  g r an i t e  we re  ca r r i ed  ou t  w i th  s i x  rod -b i t  
con f igu ra t ion s  wh ich  were  co mpo sed  o f  fou r  t ypes  o f  bu t ton  b i t s  and  two  
t ypes  o f  rods .  In  th e  ca l cu la t ion  o f  fo rc e -pen e t r a t ion  cu r ves  f ro m the  
mea su red  rod  s t r a in s ,  t he  b i t  mode l  c ons t ruc ted  f ro m the  acous t i c  
i mpedance  was  s i mp l i f i ed ,  and  the  e mp i r i ca l  da ta  co r r ec t ion  me thod  
p roposed  in  C hap te r  4  was  app l i ed .  
 
In  C hap te r  4 ,  t he  e mp i r i ca l  da ta  co r r ec t ion  me thod  wa s  suc ces s fu l l y  
app l i ed  fo r  i mpro ving  the  fo rce -pene t r a t ion  cu r ves  de r i ved  f ro m the  SB IP 
t e s t s  wi th  the  rod -b i t  con f igu ra t ion  o f  T 38 -64  (wi th  the  b i t  d i a me te r  o f  6 4  
mm) .  In  th i s  chap te r,  t o  eva lua t e  the  app l i cab i l i t y  o f  t he  me th od ,  i t  i s  
fu r the r  ex tended  to  b e  u sed  to  ca l cu la t e  fo rce -pene t r a t ion  cu r ve s  de r i ved  
f ro m the  SB IP t e s t s  w i th  o the r  rod -b i t  con f igu ra t ion s .  B ase d  on  the  
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ob ta ined  accu r a te  fo r ce -pene t r a t ion  cu r ves  fo r  a l l  r od -b i t  con f ig u ra t ions ,  
t he  e ff e c t s  o f  shape  o f  rod  and  b i t  ( e . g . ,  r od  d ia me t e r,  b i t  d i a me te r )  on  the  
i mpac t  pene t r a t ion  be hav io r  o f  bu t ton  b i t s  a r e  d i scu ssed .  
 
5 . 2  Impac t  pene t r a t io n  t e s t s  w i th  va r iou s  r od -b i t  con f igu ra t ions  
T he  i mpac t  pene t r a t io n  t e s t e r,  t he  expe r i me n ta l  p rocedu re  and  me thod  o f  
i mpa c t  pene t r a t ion  t e s t s  we re  a l r e ad y de sc r ibed  in  C hap te r  2 .  In  th i s  
chap te r,  t he  SB IP t e s t s  we re  conduc ted ,  no t  on l y  w i th  the  rod -b i t  
con f igu ra t ion  o f  T 38 -64 ,  bu t  a l so  w i th  o th e r  rod -b i t  con f igu ra t i ons .  Two  
t ypes  o f  rod s  and  fo u r  t ype s  o f  bu t ton  b i t s  we re  u s ed  to  cons t i tu t e  s ix  
rod -b i t  con f igu ra t ions .  T he  in t e rna l  and  ex t e rna l  d i a me t e r s  o f  the  th in  r o d  
were  39  mm and  14 .3  mm,  r e spec t i ve l y.  T hose  o f  the  th i ck  rod  were  46 . 2  
mm and  15 .8  mm.  B o t h  the  th in  and  the  th i c k  rods  we re  3 ,660  mm in  l eng th .  
T he  th in  rod  c an  be  c onnec ted  to  the  bu t to n  b i t s  wi th  the  d i a me t e r s  o f  64  
mm,  76  mm,  and  89  mm th rough  T 38  th reads .  T he  th i ck  rod  can  b e  
connec ted  to  the  bu t to n  b i t s  wi th  the  d i a me t e r s  o f  76  mm,  89  mm,  and  102  
mm th rough  T 45  th rea ds .  Tab le  5 .1  l i s t s  a l l  r od -b i t  con f igu r a t ion s  u sed  in  
the  i mpac t  pene t r a t io n  t e s t s .  In  the  t ab le ,  T 38 -76  means  the  th i n  rod  wi th  
the  T 38  th reads  conn ec ted  to  th e  bu t ton  b i t  w i th  the  d i a me te r  o f  76  mm.  
T he  b i t  sho wn  in  F ig .  5 . 2  ha s  fou r  f ace  t ip s  wi th  the  d i a me te r  o f  11  mm and  
8  gauges  t i p s  w i th  the  d i a me te r  o f  12  mm.  
 
5 . 3  S i mp l i f i ed  mode l i ng  me thod  fo r  bu t ton  b i t s  
In  C hap t e r  4 ,  t he  two  b i t  mode l s  sho wn  in  F ig .  5 . 3  (b )  and  ( c )  we r e  u sed  to  
ca l cu la t e  fo rce -p ene t r a t ion  cu r ve s  f ro m t he  measu r ed  rod  s t r a in s .  I t  i s  
neces sa r y  to  cons t ruc t  t he  acous t i c  i mpedan ce  p ro f i l e  fo r  the  b i t .  H oweve r,  
i t  i s  d i f f i cu l t  t o  accu ra te l y  cons t ruc t  t he  p ro f i l e  co r r e spond ing  to  the i r  
geome t r i e s  due  to  the i r  co mp l i c a t ed  geo me t r i e s ,  e spec ia l l y  a t  t h e  b i t  end  
whe re  the  bu t to n  t ip s  we r e  e mbedded .  A s i mp l i f i ed  mode l ing  me tho d  
a s soc ia t ed  to  cons t ruc t ing  the  acou s t i c  i mp edance  p ro f i l e  fo r  the  b i t  we re  
p roposed ,  and  d i scuss ed .  
 
In  the  s i mp l i f i ed  mode l ing  me thod ,  th e  acous t i c  i mpedance  fo r  each  
seg men t  in  the  b i t  mo de l  we re  a s su med  to  be  a  cons tan t ,  a s  i l l u s t r a t ed  i n  
F ig .  5 . 3  (d ) ,  and  base d  on  the  a s su mp t ion  t he  cons t an t  a cous t i c  i mpedanc e  
can  be  ca l cu la t ed  a s  f o l low s  
 
𝑍 =
𝐴𝐸
𝑐
=
𝑚𝑐
𝑙
 ( 5 . 2 )  
 
whe re  𝐴 i s  t he  c ro s s - s ec t iona l  a r ea ,  𝐸 i s  t he  Young’s  mo du le ,  and  c  i s  t he  
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e l a s t i c  wa ve  speed .  𝑚  i s  t he  e f f ec t i ve  ma ss  o f  the  b i t  mode l ,  wh ich  
inc ludes  the  b i t  mas s  and  the  mass  o f  the  ro d  end  in s ide  the  b i t .  T he  mas s  
o f  the  rod  end  in s ide  the  b i t  i s  c a l cu la t ed  b y  the  dens i t y,  ex te rna l  and  
in t e rna l  r ad iu se s  o f  th e  rod .  𝑙 i s  t he  b i t  l eng th  ( exc lud ing  the  t i p  l eng th ) .  
T he  e ff e c t  o f  no t  con s ide r ing  th e  t i p  l eng th  on  s t r e s s  wa ve  p ropag a t ion  i s  
r e l a t i ve l y  s ma l l .  In  th e  me thod ,  the  acou s t i c  i mpedance s  o f  the  b i t  mode l  
can  be  ea s i l y  cons t ruc ted  on l y b y  mea su r ing  the  l eng th  and  mass  o f  the  b i t .  
 
T he  b i t  mode l  u sed  fo r  the  b i t  fo rce  co r r ec t ion  sho wn  in  F i g .  5 . 3  ( c )  wa s  
s i mp l i f i ed  in to  the  b i t  mode l  shown  in  F i g .  5 . 3  ( e ) .  T ha t  i s ,  t he  f ron t  
po r t ion  o f  the  b i t  mo de l  i s  t he  s a me  a s  tha t  sho wn  in  F ig .  5 . 3  (d ) ,  bu t  t he  
th read  po r t ions  o f  the  rod  and  the  b i t  i n  the  b i t  mode l  we re  sepa r a t ed  f ro m 
each  o the r.  T he  va l ida t ion  o f  th e  s i mp l i f i ed  b i t  mode l s  w i l l  be  d i s cussed  in  
Sec t ion  5 .4 .  
 
5 . 4  E xpe r i men ta l  r e su l t s  
T he  b i t  fo rce s  and  pene t r a t ions  we re  ca l c u la t ed  b y  th e  T P SM me tho d  
in t roduc ed  in  Sec t io n  2 .4 .5  and  then  improved  b y  the  e mp i r i ca l  da t a  
co r r ec t ion  me thod  p r oposed  in  C hap te r  4 .  In  F i g .  5 . 4 ,  t he  b lue  so l id  and  
r ed  dash  cu r v es  r ep re sen t  the  b i t  fo rce s  an d  pene t r a t ion s  ca l cu l a t ed  w i th  
the  b i t  mode l s  o f  F ig .  5 . 3  (b )  and  ( c )  a s  we l l  a s  wi th  the  b i t  mode l s  o f  Fig .  
5 . 3  (d )  and  ( e ) ,  r e spe c t i ve l y.  T he  expe r i me n ta l  r e su l t s  fo r  ca l cu l a t ing  the  
b i t  fo rce  and  p ene t r a t ion  were  ob ta ined  f ro m the  SB IP t e s t s  wi th  the  
rod -b i t  con f igu r a t ion  o f  T 38 -64 .  T he  t i me  when  the  mea su red  s t r a in  bega n  
to  inc rea se  s ince  s t r e s s  wa ve s  a r r i ved  a t  t he  po in t  A was  se t  t o  be  the  
o r ig in .  T he  b lue  and  r ed  cu rves  a r e  a l mo s t  o ve r l apped  w i th  each  o the r.  I t  i s  
shown  tha t  t he re  wa s  no  s ign i f i can t  e ff e c t  o f  t he  s i mp l i f i ed  mode l in g  
me thod  fo r  bu t ton  b i t s  on  the  accu rac y  o f  ca l cu la t ed  r e su l t s .  In  th e  chap te r,  
t he  b i t  mode l  shown  i n  F ig .  5 . 3  (d )  wa s  u se d  fo r  ca l cu la t ing  the  b i t  fo rc e  
and  pene t r a t ion ,  and  the  b i t  mode l  sho wn  i n  Fig .  5 . 3  ( e )  wa s  u s ed  in  the  
da ta  co r r ec t ion  me thod  p ropo sed  in  C hap te r  4  fo r  i mpro v ing  
fo rce -pene t r a t ion  cu r ves .  
 
In  C hap te r  4 ,  on l y  exp e r i men ta l  da ta  ob ta in e d  f ro m the  SB IP t e s t s  wi th  the  
rod -b i t  con f igu ra t ion  o f  T 38 -64  we re  p ro ces sed .  In  the  chap te r,  t h ose  f ro m 
the  SB IP t e s t s  wi th  a l l  r od -b i t  con f igu ra t ions  l i s t ed  in  Tab le  5 .1  we r e  
p roces sed .  F ig .  5 . 5  s hows  the  b i t  fo rce s  a nd  fo rce -pene t r a t ion  cu rve s  o f  
the  fou r  r e su l t s  i n  t he  48  SB IP t e s t s  wi t h  the  rod -b i t  con f igu ra t ion  o f  
T 38 -76 .  A s  shown  in  Fig .  5 . 5  ( a ) ,  t he  b i t  fo rce s  beg in  to  inc r ea se  a f t e r  
s t r e s s  wa ves  a r r i ved  a t  t he  b i t  end  and  then  sha rp l y  dec rea se  a f t e r  t he  peak .  
B e fo re  the  peak ,  s e ve ra l  unna tu ra l  ab rup t  changes  in  the  s lop e  o f  the  
fo rce -pene t r a t ion  cu r ves  a r e  obse r ved  and  i nd ica ted  b y  b lack  a r ro ws  in  the  
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f igu re .  T he  changes  s hou ld  occu r  r ando ml y  i f  t he  changes  in  the  s lope  a re  
caused  b y  r ock  ch ipp i ng .  H owe ve r,  t he  ab ru p t  change s  a r e  occu r r ed  a t  t he  
s a me  t i me .  T he re fo re ,  i t  i s  spe cu la t ed  tha t  t h e  co r r ec t ion  was  p robab l y  
in su ff i c i en t  fo r  the  f o rce -pene t r a t ion  cu r ves .  N one the le s s ,  a s  th e  ca se  o f  
the  rod -b i t  con f igu ra t ion  o f  38 -64  in  C hap t e r  4 ,  t he  ca l cu la t ion  e r ro r s  in  
fo rce -pene t r a t ion  cu r ves  a r e  a l so  bas i ca l l y  e l i mina ted  fo r  o the r  rod -b i t  
con f igu ra t ion s .  T he  same  t endenc y tha t  t he  b i t  fo rce s  inc rea se  w i th  s ma l l  
changes  and  app rox i ma te l y  l i nea r l y  dec re a se  w i th  pene t r a t ion  a f t e r  t he i r  
peak  i s  found .  T he  f o rce -pene t r a t ion  cu r ves  va r i ed  w i th  each  b lows  a r e  
obse r ved  in  F i g .  5 . 5  ( b ) .  
 
In  F i g .  5 . 6 ,  t he  f o rce -pene t r a t ion  cu r ves  f ro m the  sa me  rod -b i t  
con f igu ra t ion  a re  s h i f t ed  l e f t  b y  𝑢𝑚 − ?̅?𝑚  t o  mak e  the i r  max i mu m 
pene t r a t ion  𝑢𝑚  a l ign  t o  the  a ve rage  max i mu m pene t r a t ion  ?̅?𝑚  f o r  
s tud ying  the  t endenc y  o f  the se  cu r ves .  A l th ough  fo rce -pene t r a t io n  cu rves  
a s  shown  in  F i g .  5 . 5  (b )  va r y  w i th  each  b l ow,  an  o ve ra l l  t enden c y can  be  
obse r ved  f ro m Fi g .  5 . 6 .  In  load ing  phase ,  t he  fo rce -pene t r a t ion  c u rve s  fo r  
a l l  r od -b i t  con f igu ra t ions  a r e  no t  s t r a igh t  bu t  a r e  conca ve -up ward .  In  
un load ing  phase ,  t he  fo rce -pene t r a t ion  cu r ves  decea se  l inea r l y  a f t e r  t he  
peak .  T he  fo rce -pen e t r a t ion  cu r ves  o f  T 45 -76  and  T 45 -89  ha ve  n o t  shown  
he re ,  because  the  fo rc e -pen e t r a t ion  cu r ves  o f  T 45 -76  a re  c lo se  to  those  o f  
T 38 -76 ,  and  the  fo rce -pene t r a t ion  cu r ves  o f  T 45 -89  a re  c lo se  to  those  o f  
T 38 -89 .  S t r e s s  wa ve  t r ans mi s s ion  and  r e f l ec t ion  cha rac te r i s t i c s  a t  t he  
rod -b i t  connec t ion  a re  a ff ec t ed  b y  the  rod  d ia me te r  unde r  the  con d i t ion  o f  
the  s a me  b i t  d i a me te r,  bu t  t he  e f f ec t  i s  r e l a t i ve l y  s ma l l .  
 
T he  mas te r  cu r ve s  co r r e spond ing  to  E q .  (5 .3 )  when  𝑏 =  1 .5 ,  2  and  3  a r e  
p lo t t ed  in  F i g .  5 . 6 ,  
 
𝐹 = 𝑎𝑢𝑏 ( 5 . 3 )  
 
C ompar ing  the  po r t ion  o f  fo rce -pene t r a t ion  c u rve s  be fo re  the  peak  wi th  the  
ma s te r  cu r ves ,  i t  i s  f ound  tha t  t he  mas te r  cu rve  o f  𝑏 = 1.5 i s  c lo se  to  the  
uppe r  bound ,  wh i l e  th a t  o f  𝑏 = 3 i s  c lo se  to  the  lowe r  bound .  T he  ma s te r  
cu rve s  o f  𝑏 = 2 i s  c lo se  t o  the  mean  va lue .  T h e  𝑎 va lues  ca l cu la t ed  b y 
f i t t i ng  cu r ves  w i th  E q .  (5 . 3 )  when  𝑏 = 2,  we re  l i s t ed  in  Tab le  1 .  T h e  𝑎 
va lues  o f  T 38 -64 ,  T 38 -76  and  T 45 -76  a re  a l mos t  90  kN /mm
2
,  w h i l e  tho se  
o f  T 38 -89 ,  T 45 -89  a n d  T 45 -102  a re  a l mos t  160  kN /mm
2
.   
 
F ig .  5 . 7  shows  t he  r e l a t ionsh ip  be twe en  𝑎 and  𝑏.  T he  va lue s  o f  t he  tw o  
pa ra me te r s  we re  de te r mined  b y  f i t t i ng  cu r ve s  to  expe r i men ta l  da ta  wi th  E q .  
(5 . 3 ) .  T he  fo rce -pen e t r a t ion  cu r ve s  f ro m  the  r od -b i t  con f igu r a t ions  o f  
T 38 -64 ,  T 38 -76  and  T 45 -76 ,  w i th  b lue  co lo r s ,  a l l  o f  wh ich  ha ve  12  bu t ton  
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t ip s  on  the  b i t ,  ha ve  a  s i mi l a r  t enden c y.  T hose  f ro m th e  rod -b i t  
con f igu ra t ion s  o f  T 38 -89 ,  T 45 -89  and  T 45 -102 ,  wi th  r ed  co lo r,  a l l  o f  
wh ich  ha ve  14  bu t to n  t ip s ,  ha ve  a  s i mi l a r  t endenc y.  T he re  i s  a  l a rge  
va r i a t ion  in  𝑏 and  i t s  mean  va lue  i s  abou t  2 .  T he re  i s  a  va r i a t i on  in  𝑎 
even  when  𝑏 i s  f ixed .  T he  expe r i men ta l  da t a  po in t s  shown  in  b lu e  co lo r s  
a r e  ba s i ca l l y  abo ve  th ose  shown  in  r ed  co lo r.  
 
F ig .  5 . 8  show s  the  r e l a t ion  be tween  the  ma x i mu m p ene t r a t ion  𝑢𝑚 and  th e  
f ina l  pene t r a t ion  𝑢𝑓.  𝑢𝑓 i s  t he  pene t r a t ion  wh en  the  b i t  fo rce  bec ome s  
ze ro  a f t e r  i t  r e ached  the  peak .  Fuku i  e t  a l .  ( 2010 )  r epo r t ed  the re  was  a  
l i nea r  r e l a t ionsh ip  be tween  the  𝑢𝑚 and  the  𝑢𝑓 f o r  T 38 -64 .  In  th i s  s t ud y,  
t he  l i nea r  r e l a t ionsh ip  be t ween  the  two  pa ra me te r s  fo r  o th e r  rod -b i t  
con f igu ra t ion s  was  a l s o  ob ta ined  and  exp re s sed  a s  the  E q .  (5 .4 ) ,  w h ich  wa s  
ob ta ined  b y  the  l ea s t  squa re  me thod  ( LSM)   
 
𝑢𝑓 = 1.1𝑢𝑚 − 0.56 ( 5 . 4 )  
 
T hus ,  t he  f ina l  pene t r a t ion  fo r  each  b low ca n  be  r ead  f ro m  Fig .  5 . 5  (b ) ,  o r  
e s t i ma ted  b y  E q .  (5 . 4 ) .  Fo r  each  rod -b i t  co n f igu ra t ion ,  t he  bo reh o le  dep th  
∑ 𝑢𝑏 i s  s ma l l e r  t han  i t s  cumu la t i ve  f ina l  pen e t r a t ion  ∑ 𝑢𝑓 .  B ecause  th e  
con tac t  po s i t ion  o f  t h e  bu t ton  t ip s  on  rock  changed  pe r  b lo w w i t h  the  b i t  
ro t a t ion .  A s  shown  in  F ig .  2 . 11  (b ) ,  t he  d i s t ance  o f  the  b ack  end  o f  the  b i t  
t o  the  rock  su r f ace  𝐿 was  mea su red  be fo r e  the  nex t  b lo w s t a r t ed .  T he  
bo reho le  dep th s  fo r  a l l  r od -b i t  con f igu ra t i ons  a r e  shown  in  F ig .  5 . 9 .  T he  
ho r i zon t a l  ax i s  r ep re s en t s  the  cu mu la t i ve  an gu la r  ro t a t ion  o f  the  b i t  du r ing  
the  SB IP t e s t s .  I t  c an  be  seen  tha t  t he  bo re ho le  dep th s  l i nea r l y  i nc rea se s  
wi th  the  inc rea se  o f  ro t a t ion  deg r ee .  T he  bo reho le  dep th s  fo r  d i f f e r en t  
rod -b i t  con f igu ra t ion s  a r e  a l mos t  the  s a me  to  each  o the r,  excep t  tha t  fo r  
the  rod -b i t  con f igu ra t ion  o f  T 45 -102 .  T he  bo reho le  dep th  fo r  T 45 -102  i s  
s ma l l e r  t han  tho se  fo r  the  o the r  rod -b i t  co n f igu ra t ion s ,  wh ich  i s  becaus e  
the re  was  ob v ious  d i f f e r ence  in  i mpac t  ve l oc i t y  o f  p i s ton  ( i mpa c t  ene rg y)  
be tween  T 45 -102  and  o the r  rod -b i t  con f ig u ra t ions .  T he  va r i a t i on  in  the  
bo reho le  d ep th s  r e f l e c t ed  the  d i ff e r ence .  
 
F ig .  5 . 10  sho ws  the  r e l a t ionsh ip  be tween  the  max i mu m pene t r a t ion  𝑢𝑚 
and  the  change  𝑢𝑏  i n  the  bo reho le  dep th  wi th  each  b low i n  o rde r  to  
e l i mina te  the  e ff ec t  o f  t he  va r i a t ion  in  i mpa c t  ene rg y  wi th  b low s .  T he  da ta  
po in t s  a r e  the  means  fo r  ea ch  rod -b i t  co n f igu ra t ion .  In  add i t i on ,  da ta  
ob ta ined  f ro m con se cu t i ve  pe rc us s i ve  d r i l l i ng  wi th  a  wo rn  b u t ton  b i t  
( Fuku i  e t  a l .  2008 )  a r e  a l so  shown  in  the  f i gu re .  T he  r e l a t ionsh ip  be tween  
the  two  pa ra me te r s  in  th i s  s tud y  i s  on  the  ex tens ion  l ine  o f  Fuk u i  e t  a l .  
( 2008 ) ,  wh ich  i s  exp r e s sed  a s  fo l lows  
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𝑢𝑏 = 0.26𝑢𝑚 ( 5 . 5 )  
 
Meanwhi l e ,  t he  s l igh t  d i f f e r ence  in  the  r e l a t ionsh ip  be tween  th i s  s tud y an d  
Fuku i  e t  a l .  ( 2008 )  w as  found ,  and  tha t  wa s  because  the  u sed  bu t ton  b i t s ,  
expe r i men ta l  me thods  and  so  on  were  d i f f e r en t  wi th  each  o the r.  In  Fuku i  e t  
a l .  ( 2008 )  the  u sed  bu t ton  b i t  wa s  a  worn  b i t  wh i l e  in  th i s  s tud y  t ha t  wa s  a  
new one .  T he  SB IP t e s t s  we re  conduc ted  in  th i s  s tud y  wh i l e  consecu t i ve  
pene t r a t ion  d r i l l i ng  w as  conduc ted  in  Fuku i  e t  a l .  ( 2008 ) .  
 
T he  spec i f i c  ene rg ie s  (SE )  fo r  a l l  r od -b i t  con f igu ra t ion s  we re  c a l cu la t ed  
and  l i s t ed  in  Tab le  5 .1 .  T he  spec i f i c  ene rg y,  de f ined  a s  the  ene rg y  r equ i r ed  
to  exca va te  a  un i t  vo lu me  o f  rock ,  i s  w e l l -kno wn  to  be  e ff ec t i ve  fo r  the  
e s t i ma t ion  o f  the  e ff i c i enc y o f  an  excava t i on  me thod  (Tea l e  1965 ) .  T he  
vo lu me  i s  equa l  t o  th e  b i t  d i a me te r  mu l t i p l i ed  b y the  bo reho le  d ep th .  T he  
ene rg y  pe r  b lo w i s  t h e  a r ea  su r rounded  b y the  fo rce -pene t r a t ion  cu rve  i n  
F ig .  5 . 5 .  T he  to t a l  en e rg y  i s  t he  cu mula t ive  ene rg y pe r  b lo w.  A s  l i s t ed  in  
Tab le  5 .1 ,  t he  SE s  fo r  T 38 -64 ,  T 38 -76  an d  T 45 -76  a r e  a l mo s t  100  MP a 
wh i l e  t hos e  fo r  T 38 -8 9 ,  T 45 -89  and  T 45 -10 2  a re  a l mos t  80  MP a .  
 
5 . 5  D i scuss ion  
F ig .  5 . 6  shows  the  b i t  fo rce  in  load ing  phase ,  t he  po r t ion  f ro m the  o r ig in  to  
the  peak ,  i s  app rox i ma te l y  p ropo r t iona l  t o  the  squa re  o f  the  p ene t r a t ion  
even  though  the re  a r e  s ma l l  change s  in  eac h  fo rce -pene t r a t ion  c u rve  and  
va r i a t ion  in  fo rce -pen e t r a t ion  cu r ve  wi th  e ach  b low in  the  SB IP t e s t s .  In  
the  ca se  o f  the  con ta c t  o f  a  sphe re  on  a  ha l f - space ,  t he  expone n t  o f  the  
power  r e l a t ionsh ip  be t ween  the  b i t  fo rce  and  the  pene t r a t ion  i s  equ a l  t o  1 .5  
ba sed  on  the  H er t z i an  con tac t  t heo r y fo r  e l a s t i c  de fo r ma t ion ,  an d  i s  equa l  
t o  1  fo r  p l a s t i c  de fo r ma t ion .  T he  ob ta ined  expe r i men ta l  r e su l t  f r om i mpac t  
pene t r a t ion  t e s t s  w i t h  a  bu t ton  t ip  on  g ran i t e  i s  ve r y  c lo s e  to  the  
theo re t i ca l  va lue .  O kubo  e t  a l .  ( 1992 )  ob ta ined  a  l i nea r  r e l a t ionsh ip  
be tween  the  b i t  fo rce  and  th e  pene t r a t ion  f ro m bo th  d yna mic  a nd  s t a t i c  
pene t r a t ion  t e s t s .  A j ib ose  e t  a l .  ( 2015 )  foun d  a  power  r e l a t ion sh ip  be tween  
the  b i t  fo rce  and  the  p ene t r a t ion  w i th  an  ex ponen t  o f  1 .45±0 .05 .  H oweve r,  
t he  a fo re men t ioned  expe r i men ta l  r e su l t s  we re  ob ta ined  f ro m the  
pene t r a t ion  t e s t s  wi th  a  bu t ton  t ip .  In  the  ca se  o f  the  i mpac t  pe ne t r a t ion  
t e s t s  w i th  bu t ton  b i t s  wh ich  ha ve  man y  bu t ton  t ip s ,  t he  nu mbe r  o f  bu t ton  
t ip s  con tac t ing  wi th  the  rock  su r f ace  inc r ea se s  wi th  the  inc rea se  o f  the  
pene t r a t ion .  F i g .  5 . 11  shows  the  s che ma t i c  i l l u s t r a t ion  o f  an  ex t r e me  ca se .  
T he  th in  l i n e s  r ep re s en t  the  fo rce -pene t r a t ion  cu r ve s  in  load ing  phase  o f  
each  t ip .  T he  l inea r  r e l a t ionsh ip  be tween  t he  t i p  fo rce  and  the  p ene t r a t ion  
i s  adop ted  ba sed  on  O kubo  e t  a l .  ( 1992 ) .  I t  i s  a s su med  tha t  t he  t i p s  con tac t  
wi th  the  rock  su r f ace  in  o rde r  whene ve r  t he  pene t r a t ion  inc rea se s  b y a  
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f ixed  a moun t .  T he  bo l d  l ine  i s  t h e  fo rce -pe ne t r a t ion  cu r ve  o f  a  b u t ton  b i t  
wh ich  i s  t he  su m o f  the  th in  l i n e s ,  and  consequen t l y  the  b i t  fo rce  in  
load ing  pha se  i s  a pp rox i ma te l y  p ropo r t iona l  t o  the  squa re  o f  the  
pene t r a t ion ,  wh ich  e xp la in s  the  t r end  o f  the  fo rce -pene t r a t io n  cu r ves  
shown  in  F ig .  5 . 6 .  I f  mo s t  o f  the  bu t ton  t ip s  on  the  b i t  end  in i t i a l l y  con tac t  
on  rock  su r f ace ,  t he  e xponen t  o f  the  power  l aw i s  c lo se  to  1 .  In  c on t r a s t ,  i f  
t he  in t e r va l  a f t e r  t he  nex t  t i p  con tac t ing  on  the  rock  su r f ace  beco me s  l a rge ,  
t he  exponen t  o f  the  po wer  l aw wi l l  be  p roba b l y  l a rge  than  2 .  T he  va r i a t ion  
in  b  w i th  b lo ws  show n  in  F ig .  5 . 7  i l l u s t r a t e s  the  con tac t  cond i t i on  o f  t i p s  
on  rock  su r f ace  va r i e d  wi th  each  b low.   
 
N ex t ,  l e t  u s  cons id e r  t he  va r i a t ion  o f  𝑎 when  𝑏 i s  f ixed .  A s  men t io ne d  i n  
Sec t ion  5 .4 ,  i t  i s  obs e rved  tha t  t h e  more  t he  bu t ton  t ip s  on  the  b i t ,  t he  
l a rge r  𝑎 i s  f ro m co mpa r i son  o f  the  expe r i men ta l  r e su l t s  o f  T 38 -64 ,  T 38 -7 6  
and  T 45 -76 ,  wh ich  h a ve  12  t ip s ,  t o  tho se  o f  T 38 -89 ,  T 45 -89  and  T 45 -102 ,  
wh ich  ha ve  14  t ip s .  T he  l a rge r  the  t i p  d i a me te r  i s ,  t he  l a rge r  the  s lope  o f  
fo rce -pene t r a t ion  cu r ve  ( th in  l i ne  in  F i g .  5 . 11 )  o f  a  t i p  i s ,  wh ich  i s  ano the r  
i mpor tan t  r ea son  wh y  𝑎 o f  T 38 -89 ,  T 45 -89  and  T 45 -102  we re  l a rge r  than  
those  o f  T 38 -64 ,  T 38 -76  and  T 45 -76 .  In  ad d i t ion ,  t he  s ma l l e r  t h e  in t e r va l  
be tween  the  th in  cu r ves ,  t ha t  i s ,  t he  s ma l l e r  i r r egu la r i t y  in  the  bo t to m o f  
the  bo reho le  i s ,  t he  l a rge r  𝑎 i s .  T he  e ff ec t  o f  t he  nu mber  o f  t i p s  on  the  
va lue  o f  𝑎 i s  obse r ved  f ro m the  expe r i men ta l  r e su l t s .  T he  f ac to r  r e l a t ed  to  
con tac t  cond i t ion  o f  t i p s  on  rock  su r f ace  wi l l  b e  added  in to  n ume r ica l  
s i mu la t ion  o f  pe rcus s i ve  d r i l l i ng  w i th  d a ta  accu mula t ion  in  fu tu re  wo rk .  
T he  th ree -d i mens iona l  shape  o f  bo t to m o f  t he  bo reho le  wi l l  be  measu red .  
 
O kubo  e t  a l .  ( 199 5 )  o bse r ved  change s  in  th e  load ing  phase  o f  
fo rce -pene t r a t ion  cu r ves  in  qua s i - s t a t i c  pe ne t r a t ion  t e s t s  wi th  a  bu t ton  b i t  
on  Inada  g ran i t e  and  specu la t ed  tha t  t he  changes  we re  c aused  b y  rock  
ch ipp ing .  T he  change s  r e su l t ed  in  a  60  pe r cen t  dec l ine  in  b i t  fo rce  wh en  
the  peak  was  a l mos t  100  kN .  O n  the  o the r  hand ,  ab rup t  changes  i l l u s t r a t e d  
in  F ig .  5 . 5  w i th  the  b l ack  a r ro ws  a re  no t  ca used  b y  rock  ch ipp ing ,  bu t  a r e  
caused  b y  ca lcu la t ion  e r ro r.  T he  ca lcu la t io n  e r ro r  cou ld  no t  be  co r r ec t ed  
b y the  da ta  co r r ec t io n  me thod  p roposed  in  C hap te r  4 .  B es ide s  t he  ab rup t  
changes  caused  b y  c a lcu la t ion  e r ro r,  cha nges  o f  dozens  o f  k N  in  the  
load ing  phase  o f  fo rce -pene t r a t ion  cu r ve s  a r e  a l so  ob se r ved  in  the  
fo rce -pene t r a t ion  cu r ves  o f  i mpac t  pene t r a t ion  t e s t s .  T he  a mp l i tu de  o f  the  
chan ges  i s  s ma l l e r  t h an  the  peak ,  bu t  a r e  the  s a me  l e ve l  o f  the  change s  
obse r ved  in  the  quas i - s t a t i c  pene t r a t ion  t e s t s .  I t  i s  d i ff i cu l t  t o  d i s t ingu i sh  
be tween  the  changes  caused  b y rock  ch ipp ing  and  the  changes  c aused  b y  
ca lcu la t ion  e r ro r.  In  q uas i - s t a t i c  pene t r a t io n  t e s t ,  t he  rock  ch ipp i ng  can  be  
cap tu red  b y  naked  e ye .  H oweve r,  i n  i mpac t  pene t r a t ion  t e s t ,  i t  i s  neces sa r y  
to  u se  h igh -speed  c a mera  fo r  cap tu r ing  the  r ock  ch ipp ing .   
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Fuku i  and  O kubo  (19 94 )  showed  the re  ex i s t ed  a  good  co r re l a t ion  be tween  
the  non -d i mens iona l  s pec i f i c  ene rg y  (SE )  and  the  pa r t i c l e  s i ze  d i s t r ibu t ion .  
T he  non -d i mens ion a l  spec i f i c  ene rg y  i s  t he  r a t io  o f  spe c i f i c  ene rg y  to  
un iax ia l  co mpr es s ion  s t r eng th .  T he  non -d i mens iona l  SE s  fo r  T 38 -64 ,  
T 38 -76  and  T 45 -76  a re  abou t  0 .68  wh i l e  t hose  fo r  T 3 8 -89 ,  T 45 -89  and  
T 45 -102  a re  abou t  0 . 54 .  A s l igh t  d i f f e r enc e  be tween  the m i s  obs e rved .  In  
fu tu re  s tud ie s ,  t he  pa r t i c l e  s i ze  d i s t r ibu t ion  o f  de t r i tu s  gene r a t ed  f ro m the  
i mpac t  pene t r a t ion  t e s t s  w i th  bu t ton  b i t s  wi l l  be  d i scussed .  
 
T hese  f ind ings  wi l l  c on t r i bu te  to  i mpro v in g  the  s i mu la t ion  o f  co nsecu t i ve  
pe rcuss i ve  d r i l l i ng ,  w h ich  wi l l  be  l a t e r  d i sc ussed  in  C hap te r  6 .  In  p rec ious  
s tud ie s  ( Lundbe rg  e t  a l .  1982 ,  1985 ,  1986 ,  1987 ;  O kubo  e t  a l .  1991 ,  1997 ;  
S i mon  1964 ;  H us t r u l id  e t  a l .  1971 a ,  1971b ,  1972a ,  19 72b ) ,  t he  
fo rce -pene t r a t ion  cu r ve  was  s i mp l i f i ed  to  the  b i l inea r  mode l  a s  shown  i n  
F ig .  5 . 1  because  accu ra te  fo rce -pene t r a t ion  cu rve  fo r  i mpac t  pen e t r a t io n  
t e s t s  w i th  bu t ton  b i t s  w as  no t  ob ta i ned .  B ased  on  the  accu ra t e  
fo rce -pene t r a t ion  cu r ves  ob ta ined  in  th i s  s tud y,  t he  r e l a t ion  be t ween  the  
b i t  fo rce  and  the  pen e t r a t ion  in  load ing  ph ase  i s  changed  f ro m t he  l inea r  
r e l a t ion  to  the  power  r e l a t ion  w i th  an  expo nen t  o f  2 .  T he  r e l a t io n  be twee n  
the  b i t  fo rce  and  the  p ene t r a t ion  in  un load in g  phase  s t i l l  r e ma ins  t he  l i ne a r  
r e l a t ionsh ip .  T he  f in a l  pene t r a t ion  can  be  e s t i ma ted  b y  E q .  ( 5 . 4 ) .  T he  
change  in  the  bo reho l e  dep th  can  be  e s t i ma t ed  b y E q .  (5 . 5 ) ,  wh ich  i s  c lo se  
to  the  a s su mp t ion  ( 𝑢𝑏 = 0.3𝑢𝑚)  made  in  O kubo  and  Nish i ma t su  (1991 ) .  T he  
a fo re men t ioned  a s su m pt ions  a s so c ia t ed  to  th e  pene t r a t ions  and  the  changes  
in  the  bo reho le  dep t h  wi th  each  b lo w a re  cons tan t ,  so  a  s i mu la t ion  
cons ide r ing  the  va r i a t ions  w i l l  be  neces sa r y  in  fu tu re  wo rk .  T he  c hange  in  
fo rce -pene t r a t ion  cu r ve  w i th  each  b lo w c an  be  r ep roduced  b y  va r y i ng  𝑎 
and  𝑏 i n  E q .  (5 . 3 )  a s  in  F ig .  5 . 7 .  In  add i t i on ,  a s  shown  in  F i g .  5 . 9 ,  t he  
change  in  the  bo reho l e  dep th  i s  no t  a  cons t an t ,  i t  va r i ed  w i th  eac h  b lo w.  I t  
i s  neces sa r y  to  condu c t  s i mu la t ion  o f  conse cu t i ve  pe rcuss i ve  d r i l l i ng  wi th  
cons ide ra t ion  o f  the  c hange  in  the  bo reho l e  dep th  in  fu tu re  wo rk .  
 
5 . 6  C onc lu s ions  
In  th i s  chap te r,  i mpa c t  pene t r a t ion  t e s t s  on  Inada  g ran i t e  we re  ca r r i ed  ou t  
wi th  s ix  rod -b i t  con f igu ra t ions  wh i ch  wer e  co mposed  o f  fou r  t ypes  o f  
bu t ton  b i t s  and  two  t ypes  o f  rods .  T he  b i t  mode l  cons t ruc ted  f ro m the  
acous t i c  i mpedance  was  s i mp l i f i ed  and  the  e mp i r i ca l  da ta  c o r r ec t ion  
me thod  p roposed  in  C hap te r  4  was  app l i ed  to  ca l cu la t e  fo r ce -pen e t r a t io n  
cu rve s  o f  a l l  t he  rod -b i t  con f igu r a t ions .  
 
T he  fo rce -p ene t r a t ion  cu rve s  fo r  the  s ix  rod - b i t  con f igu ra t ions  sho wed  tha t  
100 
the  b i t  fo rce  in  load in g  phase  was  app rox i ma te l y  p ropo r t iona l  t o  t he  squa re  
o f  the  pene t r a t ion .  H oweve r,  t he  expone n t s  o f  the  po wer  r e l a t ionsh ip  
be tween  the  b i t  fo rce  and  the  pene t r a t ion  was  a ff ec t ed  b y the  t i p s - rock  
con tac t  cond i t ion .  T h e  cu r ves  in  un load ing  phase  had  a  l i ne a r  r e l a t ionsh i p  
be tween  the  b i t  fo rce  and  the  pene t r a t ion .  T he  f ina l  p ene t r a t ion  fo r  each  
b low had  a  l i nea r  r e l a t ion  w i th  the  max i mum pene t r a t ion .  T he  bo reho le  
dep th  was  a l so  p ropo r t iona l  t o  the  max i mu m pen e t r a t ion .  
 
T he  e ff ec t  o f  rod  d ia me t e r  on  the  fo r ce -pene t r a t ion  cu r ve  was  no t  
obviou s l y  obse r ved  unde r  the  cond i t ion  o f  the  s a me  b i t  d i a me te r.  In  
p rac t i ce ,  i nc rea s ing  the  rod  d ia me te r  wi l l  i nc rea se s  the  cos t ,  bu t  t he  
p rob le ms  r e l a t ed  to  th e  du rab i l i t y,  bend ing  and  f lu sh ing  wi l l  be  i mp ro ved .  
Fo r  inc rea s ing  the  b i t  d i a me t e r  o r  the  nu mbe r  o f  bu t ton  t ip s  on  the  b i t ,  t h e  
b i t  fo rce  pe r  un i t  pene t r a t ion  inc rea se d  wh i l e  the  spec i f i c  ene rg y  
dec rea sed .  H owe ve r,  t he  e ff ec t  o f  nu mbe r  o f  t i p s  on  fo rce -pe ne t r a t ion  
cu rve s  ha s  no t  quan t i t a t i ve l y d i scu ssed .  T he  e ff ec t  o f  f ace  and  gauge  t ip s  
on  the  fo r ce -pene t r a t i on  cu rve  i s  a l so  an  un so l ved  i s sue .   
 
In  C hap te r  6 ,  t he  new  b i t - rock  in t e ra c t ion  mode l  wi l l  r ep lace  th e  b i t - rock  
in t e rac t ion  mode l  o f  t he  O kubo -N ish i ma t su ’s  mode l .  T he  va r i a t i on  in  the  
con tac t  s t a tu s  be t wee n  the  b i t  and  the  rock  du r ing  consecu t i ve  p e rcuss i ve  
d r i l l i ng  w i l l  a l so  be  c ons ide red  in  nu me r ica l  s i mu la t ion .   
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Fig. 5.1 Force-penetration curve assumed in previous numerical simulations.  
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(a) Front view      (b) Behind view 
 
Fig. 5.2 Photographs of the button bit used in the rod-bit configuration of T38-76.  
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
Fig. 5.3 Schematic illustration of a rod and bit, as well as its numerical models for calculating 
force-penetration curves. (a) Schematic illustration. (b) Original bit model. (c) Original slit bit 
model. (d) Simplified bit model. (e) Simplified slit bit model.  
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Fig. 5.4 Bit forces and penetrations calculated with the original and simplified models. The 
original models indicate the ones in Fig. 5.3 (b) and (c). The simplified models indicate the 
ones in Fig. 5.3 (d) and (e). The rod-bit configuration is T38-64.  
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(a) 
 
(b) 
 
Fig. 5.5 Representative results with the rod-bit configuration of T38-76. (a) Bit forces. The arrows 
indicate the abrupt changes of bit forces. (b) Force-penetration curves. 𝑢𝑚 and 𝑢𝑓 indicate 
the maximum and final penetrations.  
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(a) 
 
(b) 
 
Fig. 5.6 Force-penetration curves with the four rod-bit configurations. The curves were shifted 
horizontally so that the maximum penetrations correspond to their mean value. 𝐹 and 𝑥 
indicate the bit force and penetration, respectively. (a) T38-64. (b) T38-76. (c) T38-89. (d) 
T45-102.  
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(c) 
 
(d) 
 
Fig. 5.6 (Continued) Force-penetration curves with the four rod-bit configurations. The curves 
were shifted horizontally so that the maximum penetrations correspond to their mean value. 𝐹 
and 𝑥 indicate the bit force and penetration, respectively. (a) T38-64. (b) T38-76. (c) T38-89. 
(d) T45-102.  
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Fig. 5.7 Relation between 𝑎 and 𝑏 in Eq. (5.3) derived from the force-penetration curves.  
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Fig. 5.8 Relation between the maximum and final penetrations obtained from the force-penetration 
curves for the six rod-bit configurations.  
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Fig. 5.9 Comparison of borehole depth for the six rod-bit configurations.  
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Fig. 5.10 Relationship between the average borehole depth per blow and maximum penetration 
obtained in Fukui et al. (2008) and this study. 
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Fig. 5.11 Schematic illustration of force-penetration curves for button tips and a button bit. The 
thick curve is the sum of the thin curves which show delays due to the contact with rough rock 
surface.
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Chapter 6 Numerical  s imul at ion of  consecutive percussive dr il l ing  
 
6.1 In troduc tion  
I t  i s  necessary to  conduct  s imula t ion of  consecutive percuss ive dr i l l ing fo r  
analyzing the long -term response of  a  hydraulic  rock dri l l  under  var iable  
dr i l l ing condi t ions.  Okubo and Nishimatsu (199 1) proposed a  comprehensive 
consecutive percuss ive dri l l ing model ,  which is  composed of  s t ress  wave  
generat ion  in  a  rock dr i l l  body,  wave  propaga tion in  a  rod  and b i t  penetrat ion  
into  rock.  However,  there  are  s t i l l  many factors  and equipment not  considered  
or  s implif ied in  compar ison wi th  actua l  rock dri l ls .  For  example,  in  the model ,  
the shapes of  the p is ton,  the shank rod,  the rod and the bi t  were s implif ied as  
c ircula r  cyl inders  with  uniform cross -sec t ional  areas ;  The shank  rod ,  rod and  
the b i t  were  taken  as  a  whole and the s leeve -type rod join t  between the shank 
rod and the rod and the  threaded connec tion between the rod and  the bi t  were  
omit ted;  The bi t  was  set  to  be a lways in  contact  with  the rock  and the  
relat ionsh ip between the penetrat ion and the  bi t  force was not  changed with  
each blow.  Hirano et  a l .  (2014) improved  the aspec ts  of  the Okubo and  
Nishimatsu’s  model  associated wi th  the rock dri l l  body and the  hydrau lic  
c ircui ts  wi thin the rock dri l l  body,  as  wel l  as  buil t  a  numerica l  model  for  the  
damper sys tem.  
 
The aspects  o f  the  model  on the  s tress  wave propagat ion in  rods and rod  
joints  as  well  as  the b i t - rock interac t ion  were improved in  this  s tudy based on  
the resu l t s  of  Chapters  3 ,  4  and 5 .  Based on the resul t  of  Chapte r  3 ,  the 
acoust ic  impedances o f  the pis ton,  shank rod,  rod and the bi t  were set  to  be  
consis ten t  wi th  thei r  actual  shape and s ize ,  and the s leeve - type rod joint  was  
modeled as  the  CI +  spring model .  Based  on  the resul t  o f  Chapte rs  4  and 5 ,  
the rela t ionsh ip between the force and the penetrat ion during the  loading  
phase in  bi t - rock interact ion was changed from the l inear  to  nonlinear  
re la t ionsh ip.   
 
In  add it ion,  the parameter s  represen ting force -penetrat ion curves and the 
change in  the borehole  depth with  each blow were inves t iga ted.  In  numerica l  
s imulat ion of  consecutive percussive dr i l l ing,  the varia t ion  of  the  
force -penet rat ion curves and the change  in  the borehole  depth  wi th  each blow 
were combined in to  the new numer ical  model .  
 
6 .2  Modeling of  consecutive percussive dri l l ing  
The aspects  of  the Okubo-Nish imatsu’s  model  involved in  the s tress  wave  
propagation and in  the bi t - rock inte ract ion were improved based on the resul t  
of  Chapters  3 ,  4  and 5 .  The aspects  of  the model  assoc iated with  the rock dri l l  
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body and the hydraul ic  c ircui t  w ith in the  rock dri l l  body were improved by 
Hirano et  a l .  (2014).  A new consecutive  percussive dri l l ing model  was  
implemented with  the aid  of  Simulat ionX,  which is  a  commercia l  
one-d imens ional  computer -a ided engineering  (1D -CAE) software produced  
by the  ITI Company.  
 
6 .2 .1  Modeling of  the rock dri l l  body  
As shown in  Fig.  6 .1 ,  the  aspects  of  the rock dri l l  body and  hydraul ic  c ircu i t s  
with in the rock dr i l l  body were improved by Hirano et  a l .  (2014) wi th  the aid  
of  Simulat ionX.  The rock dri l l  body cons is ts  of  a  va lve ,  a  pis ton,  a  damper  
sys tem,  hydraul ic  c ircui ts ,  h igh and low pressure accumulators ,  pump and  
tank.  The thrus t  force 𝐹𝑡 was appl ied to  the rock dri l l  body through the oi l .  
The detai l  descrip t ion with  respect  to  the rock dri l l  body was omit ted due to  
no permission to  t ransfer.  
 
6 .2 .2  Modeling of  the pis ton  
As shown in  Fig.  6 .2 ,  the s tress  wave propagation generated by the repeated  
impact  of  the pis ton on the shank rod was ca lcula ted based on  the 1D theory 
of  e last ic  waves,  which was already introduced in  Chapter  3 .  The pis ton was  
divided in to  𝐿𝑝  segments  with  the  same length of  ∆𝐿 .  The acoust ic  
impedance of  the p is ton was  se t  to  be  consis tent  with  the  ac tual  product .  The  
impact  between  the p is ton and the shank rod was cons idered as  the spring  
model  discussed in  Chapter  3  and the impact  force 𝐹𝑝𝑠𝑟 was applied to  the 
element a t  the f ron t  end of  the pis ton ( 𝑖 = 𝐿𝑝)  as  fol lows  
 
−𝐹𝑝𝑠𝑟 = 𝑝(𝑡 − ∆𝑡, 𝑖) + 𝑛(𝑡, 𝑖) (6 .1)  
 
The hydraul ic  force 𝐹𝑝𝑓 act ing on the pis ton in  the front  chamber o f  the  
pis ton  is  appl ied on  the element ( 𝑖 = 𝐿𝑝𝑓)  a t  the  center  o f  the f ront  of  the 
pis ton.  To guarantee the continui ty of  the d isp lacement a t  the inter face of  two 
adjacent  e lements ,  the fol lowing equa tions a re  establ ished  
 
𝑝(𝑡, 𝑖 + 1) = 𝑝(𝑡 − ∆𝑡, 𝑖) − 0.5𝐹𝑝𝑓 
𝑛(𝑡, 𝑖) = 𝑛(𝑡 − ∆𝑡, 𝑖 + 1) + 0.5𝐹𝑝𝑓 
(6 .2)  
 
The hydraul ic  force 𝐹𝑝𝑟 act ing on the p is ton in  the rear  chamber of  the pis ton  
is  appl ied to  the  element a t  the cen ter  o f  the rear  o f  the  pis ton in  the same 
way as  the force 𝐹𝑝𝑓.   
 
6 .2 .3  Modeling of  the shank rod,  rod and the bi t  
The s tress  wave propagation in  the shank  rod ,  rod and  the  bi t  is  ca lculated in  
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the same way as  the pis ton.  The shank rod ,  rod and the b i t  were divided  
into   𝐿𝑠𝑟 ,  𝐿𝑟 and 𝐿𝑏 segments  with  the same leng th of  ∆𝐿,  respect ively.  The  
thrust  force 𝐹𝑑 f rom the  rock dri l l  body was ac ted on the back end of  the  
shank rod as  fo l lows  
 
−(𝐹𝑝𝑠𝑟 + 𝐹𝑑) = 𝑝(𝑡, 𝑖) + 𝑛(𝑡 − ∆𝑡, 𝑖) (6 .3)  
 
where 𝑖 = 𝐿𝑠𝑟0 represents  the segment  a t  the back end of  the shank rod.  The  
s leeve-type rod join t  used to  connect  the rod to  the  shank rod  was modeled as  
the CI +  spring  model  which have  al ready d iscussed in  Chapter  3 .  The force  
𝐹𝑠𝑟𝑟 act ing between the  shank rod and the rod was expressed as   
 
𝐹𝑠𝑟𝑟 = −𝐾𝑠(𝑢𝑟𝑏 − 𝑢𝑠𝑟𝑓) (6 .4)  
 
where 𝑢𝑟𝑏 and 𝑢𝑠𝑟𝑓 are  the d isplacements  of  the back end of  the rod and  the  
front  end of  the shank  rod,  respect ively.  𝐾𝑠 is  the spring constant  between  
the shank rod and the rod.  The equations o f  the elements  a t  the f ront  end of  
the shank rod ( 𝑖 = 𝐿𝑠𝑟)  and at  the back end of  the ro d ( 𝑖 = 𝐿𝑟0)  are  as  fol lows  
with  considera t ion of  the at tenua tion ra te  𝛽,    
 
−𝐹𝑠𝑟𝑟 = 𝛽𝑝(𝑡 − ∆𝑡, 𝑖) + 𝑛(𝑡, 𝑖) 
−𝐹𝑠𝑟𝑟 = 𝑝(𝑡, 𝑖) + 𝛽𝑛(𝑡 − ∆𝑡, 𝑖) 
(6 .5)  
 
The rod-b it  connection was modeled as  the spring model .  The force act ing  
between the  rod and the bi t  is  ca lcula ted as  fol lows  
 
𝐹𝑟𝑏 = −𝐾𝑟𝑏(𝑢𝑏𝑏 − 𝑢𝑟𝑓) (6 .6)  
 
where 𝐾𝑟𝑏 is  the  spr ing constant  be tween  the  rod and the b i t .  𝑢𝑏𝑏 and 𝑢𝑟𝑓 are  
displacements  of  the  back end of  the  bi t  ( 𝑖 = 𝐿𝑏0)  and the  fron t  end  of  the rod  
( 𝑖 = 𝐿𝑟) ,  respec t ive ly.  The front  end of  the bi t  ( 𝑖 = 𝐿𝑏)  received the res is tance 
𝐹𝑟𝑜𝑐𝑘 f rom the rock.  
 
6 .2 .4  Modeling of  the bi t - rock in terac t ion  
The relat ionship be tween the res is tance 𝐹𝑟𝑜𝑐𝑘  and the bi t  penetrat ion  𝑢  
obtained in  Chapter  5  was adopted.  As shown in  Fig.  5 .6 ,  the  
force -penet rat ion curves were convex downward in  the loading phase and 
were l inear  in  the un loading phase,  which were expressed as  fol lows  
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𝐹𝑟𝑜𝑐𝑘 = {
𝑎𝑢𝑏                     𝑓𝑜𝑟 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 
𝑐(𝑢 − 𝑢𝑓)             𝑓𝑜𝑟 𝑢𝑛𝑙𝑜𝑎𝑑𝑖𝑛𝑔 
 (6 .7)  
 
where 𝑎  and c are  penetrat ion resis tances  in  the loading and  un loading 
phases,  respec t ive ly.  The penetrat ion res is tance c can be determined af ter  
the maximum bi t  force 𝐹𝑚 ,  the  maximum penetrat ion 𝑢𝑚  and the f ina l  
penetrat ion 𝑢𝑓 are  known.   
 
𝑐 = 𝐹𝑚/(𝑢𝑚 − 𝑢𝑓) (6 .8)  
 
𝑢𝑓 is  determined  based on the l inear  re la t ionship between the maximum and  
f inal  pene tra t ions shown in  Fig.  5 .8  in  Chapter  5 .  
 
𝑢f = 1.1𝑢𝑚 − 0.5 (6 .9)  
 
6 .2 .5  Modeling of  the var ia t ion in  force -pene trat ion curves wi th  blows  
There is  a  varia t ion in  the force -pene tra t ion curves wi th  each blow during  
consecutive  percuss ive  dri l l ing,  which  was  because the contact  condi t ions 
between the  but ton t ips  and the rock surface var ied with each blow .  I t  is  
necessary to  conduc t  a  numerica l  s imula t ion under  variab le  dr i l l ing  
condit ions for  per formance predict ion of  a  rock dri l l  under  actua l  dr i l l ing  
condit ions.  
 
The shape of  a  force -penetrat ion cur ve dur ing loading phase is  de te rmined by 
the 𝑎 and 𝑏 of  Eq.  (6 .7) .  Thus,  the varia t ion in  force -penetra t ion curves can 
be implemented by varying the 𝑎 and 𝑏.  Fig .  6 .3  shows the  var ia t ion of  𝑏 
with  each b low.  The value of  𝑏 for  each  blow was ca lcula ted by f i t t ing the  
Eq.  (6 .7)  to  the force -penetrat ion curves obtained from the SBIP tests  with  
the rod -bi t  configura t ion of  T38 -64 conducted by Fukui  e t  a l .  (2010).  Fig .  6 .4  
shows a  normal probabil i ty plot  of  𝑏.  The l inear i ty of  the plot ted data 
indicates that  the 𝑏 fol lows a normal dis tr ibution  wi th the average 𝜇 and 
s tandard deviat ion 𝜎 l i s ted in Table 6.1.  The probabil i ty dens i ty  𝑓(𝑏) of  
the normal dis tr ibut ion  is  as  fol lows  
 
𝑓(𝑏) =
1
√2𝜋𝜎2
exp (−
(𝑏 − 𝜇)2
2𝜎2
) (6 .10)  
 
The cumula t ive  dis tr ibution func tion 𝐹(𝑏) of  the  𝑓(𝑏) is   
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𝐹(𝑏) = ∫ 𝑓(𝑏)𝑑𝑏
𝑏
−∞
= ∫
1
√2𝜋
exp (−
𝑢2
2
) 𝑑𝑢
u
−∞
= Φ(𝑢) (6 .11a)  
𝑢 =
𝑏 − 𝜇
𝜎
 (6 .11b)  
 
A certa in  correla t ion between 𝑎 and 𝑏 was observed in  Fig.5 .7  of  Chapter  5 .  
Thus,  𝑏 is  randomly varied fo l lowing the normal d is t r ibu tion and then 𝑎 is  
determined by the cor relat ion between the two parameters .  
 
𝑎 =
338
𝑏2
 (6 .12)  
 
6 .2 .6  Modeling of  the change 𝑢𝑏 in  the borehole  depth with  each blow  
In consecu tive percuss ive dri l l ing wi th  a  rock dri l l ,  t he  borehole  depth ∑ 𝑢𝑏 
increased wi th  the increase of  the advance of  the bi t .  Fig .  6 .6  shows the  
change 𝑢𝑏 in  the borehole  depth,  the maximum penetrat ion 𝑢𝑚 and the rat io  
𝑟 of  𝑢𝑏 to  𝑢𝑚 with  each blow.  As int roduced in  Sect ion 2.4 .4 ,  the change 𝑢𝑏 
was the  di ffe rence in  the measured 𝐿 before  and af ter  each b low.  Fig.  6 .5  
i l lust rates  schematic  of  the b i t  penetra t ion  in to  the rock with  the b i t  rota t ion .  
I t  can  be seen  tha t  the change 𝑢𝑏 in  the borehole  depth  with  each blow is  
different  to  the f ina l  penetrat ion 𝑢𝑓 for  each blow due to  the b i t  rota t ion.   
 
Fig .  6 .7  shows a  normal probabil i ty plo t  of  𝑟.  The l inear i ty of  the plot ted 
data  indicates  that  the 𝑟 fol lows a normal dis t r ibut ion  wi th the average 
and s tandard deviat ion l is ted in Table 6.1.  The probabil i ty dens i ty 𝑓(𝑟) of  
the normal d is t r ibu tion with  the average 𝜇 and s tandard devia t ion  𝜎 is  as  
fol lows,  
 
𝑓(𝑟) =
1
√2𝜋𝜎2
exp (−
(𝑟 − 𝜇)2
2𝜎2
) (6 .13)  
 
and i ts  cumula t ive d is t r ibut ion funct ion 𝐹(𝑟) is   
 
𝐹(𝑟) = ∫ 𝑓(𝑟)𝑑𝑟
𝑟
−∞
= ∫
1
√2𝜋
exp (−
𝑢2
2
) 𝑑𝑢
u
−∞
= Φ(𝑢) (6 .14a)  
𝑢 =
𝑟 − 𝜇
𝜎
 (6 .14b)  
 
The non-uniform change in  the borehole  depth with  each b low can be  
implemented through randomly genera t ing the rat io  𝑟 based on the  normal 
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dis t r ibut ion with  the average and s tandard deviat ion l is ted in Table 6.1.  
 
The retreat  𝑢𝑏𝑎𝑐𝑘 of  the b i t  is    
 
𝑢𝑏𝑎𝑐𝑘 = 𝑢𝑓 − 𝑢𝑏 (6 .15)  
 
In  new calcau lt ion,  the  bi t  en d was  set  to  re tu rn to  the  borehole  depth wi thin  
the t ime 𝑡𝑏𝑎𝑐𝑘 with  the uni form speed ?̇?𝑏𝑎𝑐𝑘.   
 
?̇?𝑏𝑎𝑐𝑘 = 𝑢𝑏𝑎𝑐𝑘/𝑡𝑏𝑎𝑐𝑘 (6 .16)  
 
6.3 Calculat ion condi t ions and  procedures  
The s imlat ion of  consecutive percuss ive dr i l l in g was  conducted  wi thout  and 
with  cons iderat ion of  the changes in  fo rce -pene tra t ion  curves  and the 
borehole  depth wi th  each blow.  Genera l  condi t ions a re  l is ted in  Table  6 .2  and 
the procedure is  shown in  Fig.  6 .8 .  Chapter  3  pointed out  tha t  i t  i s  no need to  
set  the t ime s tep too small .  Therefore ,  the t ime s tep s ize  ∆𝑡 is  0 .5  µs and the 
tota l  t rans ient  t ime is  0 .2  s .  More than 8 blows  can be implemented during the  
0 .2  s .  The procedure was repea ted un ti l  the  set  t ime is  over.  The input  and  
output  parameters  fo r  each component  of  the  hydraul ic  percuss ion rock dri l l  
were  l is ted in  Table  6 .3 .   
 
The used rod -b it  conf igurat ion is  T38 -64.  The extension rod is  a  hollow 
cyl inder,  3660 mm in length,  with  oute r  and inner  diameters  of  39  mm and  
14.5 mm, respect ively.  The button bi t  wi th a  nominal  diameter  of  64 mm 
has 10 carbide but ton t ips ,  four  of  which are face t ips  and the other  eight  
of  which are gauge t ips .  The rod and the bit  were connected to each other 
with the T38 threads. Fukui e t  a l .  (2007) reported that  t he impac t  energy 
almost  los t  10  % at  a  rod joint .  T he at tenua tion rat io  𝛽 a t  a  rod join t  was set  
to  95 % because the energy per  blow is  in  proport ion to  the quare of  the rod 
s tress  (Beccu et  a l .  1990).  
 
In  the s imulat ion case without  considerat ion of  the changes in  
force -penet rat ion curves and the borehole  depth with  each b low dur ing 
consectut ive percuss ive dri l l ing,  𝑏 and 𝑟 were  set  to  the  average  value s  of  
2 .13 and 0.26 ,  repect ive ly.  In  con trast ,  the  changes,  𝑏  and 𝑟  var ied  
fol lowing normal  random dis tr ibt ions in  the  s imulate ion with  considerat ion  
of  the changes.  
 
6.4 Calculat ion resu l ts  
Figs .  6 .9  (a)  and (b)  show simulated force -penet rat ion curves during  
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consecutive percussive  dri l l ing without  and with  considerat ion of  the  changes 
in  the fo rce -pene trat ion curves and the borehole  depth wi th  each blow,  
respect ively.  In  Fig.  6 .9  (a) ,  the  shape of  force -pene tra t ion  curves  is  the same 
but  the ampli tude of  the bi t  force is  s l igh tly  different  due to  the reason tha t  
the inf luence came from the rock  dri l l  body.  In  Fig.  6 .9  (b) ,  there  exis t  
obvious  di ffe rences  among the force-penet rat ion curves due to  the reason that  
the inf luence came not  only f rom the rock dri l l  body bu t  a lso  from the  
bi t - rock contac t  condi t ions.   
 
Figs .  6 .10 (a)  and  (b)  show the  posi t ion -veloci ty (p -v)  diagram of  the pis ton  
without  and  with  considerat ion  of  the changes  in  the force -pene tra t ion curves  
and the borehole  depth  wi th  each blow,  respect ive ly.  In  the f igure,  points  𝐴,  
𝐵,  𝐶 and 𝐷 represent  the point  of  impact ,  the s ta r t  poin t  of  the re turn s t roke 
and the point  of  the maximum ve loci ty in  re turn s troke and the end of  the 
return s t roke,  respec t ively.  The p is ton  accele rated forward f rom 𝐷 to  𝐴 and  
impacted  on the  shank  rod at  𝐴.  After  the impact  of  the p is ton  on the shank  
rod,  the  veloc i ty o f  the pis ton dramatical ly  dropped down,  and the pis ton 
began to  en ter  into  the  retu rn s troke from 𝐵.  The pis ton decele rated  with  the  
swi tch of  hydraul ic  c ircui t  by a  valve a t  𝐶 .  The veloci ty o f  the  pis ton  
decreased to  0  a t  𝐴 and began to  move forward again .  Compared Fig.  6 .11 (a)  
to  (b) ,  i t  can  be seen that  the  pis ton s troke obviously changed with  the  
var ia t ion in  the bi t - rock contact  condi t ions with  e ach b low.  
 
Figs .  6 .12 (a)  and (b)  show the  b i t  d isp lacements  and the borehole  depths  
without  and  with  considerat ion  of  the changes  in  the force -pene tra t ion curves  
and the borehole  depth  with  each blow,  respect ive ly.  The ini t ia l  pos i t ion of  
the bi t  was se t  to  be in  contact  with  the rock.  In  the f igures ,  the b lue  and red 
colors  in  the curve of  the bi t  d isplacement indicate  two contac t  s ta tes  of  the  
bi t ,  penetra t ion in to  rock and separat ion from the rock,  respec t ively.  The 
curve in  green  color  indicates  the  bo rehole  depth ∑ 𝑢𝑏.  The black ar rows 
indicate  the  bi t  pene t rat ion  in to  rock,  which is  caused by s t ress  waves  
arr iving a t  the b i t .  Af ter  that ,  the  b i t  is  probably separated  from the rock  
between two ad jacent  penetrat ions of  the bi t  because of  the resi s tance from 
rock and the ref lec ted waves.  In  genera l ,  the  thrust  force can help the bi t  to  
be contact  with  rock again before  the  s t ress  waves genera ted f rom the nex t  
impact  of  the pis ton on the shank rod arr ive  at  the bi t .  In  Fig .  6 .12 (b) ,  the  
dashed circ le  shows that  the mechanism fa i led probably due to  the changes in  
the force -pene tra t ion curves and the borehole  depth wi th  each blow,  which  
have not  appeared in  Fig.  6 .12  (a) .  The penetrat ion ra tes  in  Figs .  6 .12 (a)  and  
(b)  are  25 mm/s and 35 mm/s,  respec t ive ly.  
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6.5  Conclusions  
In  th is  chapte r,  the aspects  o f  the Okubo -Nishimatsu’s  model  associated  to  
the  s t ress  wave propagation in  rods  and rod jo ints ,  and the  bi t - rock  
interac t ion model  of  consecutive percussive dri l l ing were improved  based on 
the resul ts  of  Chapters  3 ,  4  and 5 .  The model  was construc ted with  the aid  o f  
the 1D-CAE software.  In  part icula r,  the  acoust ic  impedances o f  the pis ton,  
shank rod,  rod and  bi t  in  the improved model  were  se t  to  be  consis tent  with  
their  actua l  shapes,  and the rod  jo int  model  proposed by Chapter  3  was a lso  
added into  the model .  The relat ionsh ip between the force and penetrat ion in  
the bi t -rock  model  was  modif ied f rom the l inear  to  the nonl inear  re la t ionsh ip  
during the loading phase based on the experimental  resul t  of  Chapter  5 .  In  
order  to  reproduce the var iable  b i t - rock con tact  condi t ion dur ing consecutive  
percussive dr i l l ing,  the var ia t ion of  force -penetrat ion curves and the change 
in  the  borehole  dep th with  each b low were  inves t iga ted.  I t  is  found that  the  
parameter  𝑏 represen ting the convexi ty varied with  each blow fol lowing a  
normal d is t r ibu tion and the ra t io  𝑟 of  the change in  the borehole  dep th to  the 
maximum f inal  pene t rat ion var ied with  each blow fol lowing a  normal  
dis t r ibut ion.  
 
In  the Okubo-Nishimatsu’s  mode l ,  there  i s  no change in  the bi t - rock  contact  
s ta te  because the bi t  was set  to  be always in  contact  with  the rock.  In  the new 
model ,  the var ia t ion in  the force -pene tra t ion curve and the change in  the  
borehole  depth with  each blow were combined into  the s im ula t ion of  the 
consecutive percussive  dri l l ing.  I t  is  found that  the pis ton s t roke was affec ted  
by the var iable  b i t - rock contact  condit ion.  In  addit ion,  the  phenomenon that  
the bi t  end was free when the s t ress  waves a rr ived a t  the b i t  appeared in  the  
numerica l  resu l t s  wi th  the variab le  contac t  condit ion.    
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Table 6.1 Averages and standard deviations of 𝑏 and 𝑟 
 
 Average  Standard deviation 
𝑏 2.13 0.57 
𝑟 0.34 0.26 
 
 
 
 
Table 6.2 Input and output parameters of each components   
 
Components  Input parameters  Output parameters  
Piston 𝐹𝑝𝑠𝑟 , 𝐹𝑝𝑓, 𝐹𝑝𝑟 𝑢𝑝𝑓 
Shank rod, rod and bit 𝑢𝑝𝑓, 𝑢𝑏𝑢𝑓 , 𝐹𝑟𝑜𝑐𝑘 , 𝑢𝑏𝑎𝑐𝑘 𝐹𝑝𝑠𝑟 , 𝐹𝑑 , 𝑢𝑏𝑓 
Rock 𝑢𝑏𝑓 𝐹𝑟𝑜𝑐𝑘 , 𝑙𝑏𝑎𝑐𝑘 
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Table 6.3 General conditions 
 
Parameter Value 
Time step size ∆𝑡 0.5 μs 
Piston  
Number of elements 𝐿𝑝 240 
Index 𝐿𝑝𝑓 of the element applied by the force 𝐹𝑝𝑓  100 
Index 𝐿𝑝𝑟 of the element applied by the force 𝐹𝑝𝑟 70 
mass 𝑚𝑝 6.08 kg 
Shank rod   
Number of elements 𝐿𝑠𝑟 165 
Rod   
Number of elements 𝐿𝑟 1481 
Index 𝐿𝑟𝑚 of the element at the center of the rod  741 
Bit   
Number of elements 𝐿𝑏 46 
Index  𝐿𝑟𝑏 of the element applied by the force 𝐿𝑟𝑏 34 
Spring constants  
Between the piston and shank rod 𝐾𝑝𝑠𝑟 10 GN/m 
Rod joint 𝐾𝑠  1.0 GN/m 
Between the rod and the bit 𝐾𝑟𝑏  1.6 GN/m 
Attenuation rate 𝛽 0.95 
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Fig. 6.1 1D-CAE model of the rock drill body (Hirano et al. 2014) 
 
 
 
Fig. 6.2 1D-CAE model of components in the percussion system. 
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Fig. 6.3 Variation of 𝑏 with each blow circle.  
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Fig. 6.4 Normal probability plot of 𝑏.  
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Fig. 6.5 Schematic of a bit-rock interaction with consideration of the bit rotation. The change 
𝑢𝑏 in the borehole depth and the final penetration 𝑢𝑓 are shown with the blue and red 
double arrows, respectively.  
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Fig. 6.6 Change 𝑢𝑏 in the borehole depth, maximum penetration 𝑢𝑚 and the ratio 𝑟 of 𝑢𝑏 
to 𝑢𝑚 with each blow.  
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Fig. 6.7 Normal probability plot of 𝑟.  
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Fig. 6.8 Procedure of calculation for consecutive percussive drilling.  
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(a) 
 
Fig. 6.9 Simulated force-penetration curves in consecutive percussive drilling (a) without and 
(b) with consideration of both the variation in the force-penetration curves and the change 
in the borehole depth with each blow.  
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(b) 
 
Fig 6.9 (Continued) Simulated force-penetration curves in consecutive percussive drilling (a) 
without and (b) with consideration of both the variation in the force-penetration curves and 
the change in the borehole depth with each blow.   
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(a) 
 
Fig. 6.10 Simulated p-v diagram of the piston (a) without and (b) with consideration of both 
the variation in the force-penetration curves and the change in the borehole depth with each 
blow.   
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(b) 
 
Fig. 6.10 (Continued) Simulated p-v diagram of the piston (a) without and (b) with 
consideration of both the variation in the force-penetration curves and the change in the 
borehole depth with each blow.   
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(a) 
 
Fig. 6.11 Simulated piston stroke during consecutive percussive drilling (a) without and (b) 
with consideration of both the variation in the force-penetration curves and the change in 
the borehole depth with each blow. The numbers indicate the number of times of 
reciprocating motion of the piston.   
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(b) 
 
Fig. 6.11 (Continued) Simulated piston stroke during consecutive percussive drilling (a) 
without and (b) with consideration of both the variation in the force-penetration curves and 
the change in the borehole depth with each blow. The numbers indicate the number of times 
of reciprocating motion of the piston.   
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(a) 
 
Fig. 6.12 Bit end displacement and borehole depth (a) without and (b) with consideration of 
both the variation in the force-penetration curves and the change in the borehole depth with 
each blow. The black arrows indicate the dramatic changes in the bit end displacement 
caused by the arrival of incident waves, which are generated from the impact of the piston 
on shank rod. The dashed circle shows the case that the bit is not in contact with rock, even 
until the next incident waves arrive.   
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(b) 
 
Fig. 6.12 (Continued) Bit end displacement and borehole depth (a) without and (b) with 
consideration of both the variation in the force-penetration curves and the change in the 
borehole depth with each blow. The black arrows indicate the dramatic changes in the bit 
end displacement caused by the arrival of incident waves, which are generated from the 
impact of the piston on shank rod. The dashed circle shows the case that the bit is not in 
contact with rock, even until the next incident waves arrive.
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Chapter 7 Conclusions  
 
7.1 Conclusions  
The hydraul ic  percuss ion rock dr i l l  i s  used  in  mining,  o i l  and water  well  
dr i l l ing and civi l  eng ineering,  e tc .  The eff ic iency and penetra t ion rate  of  the 
rock dri l l  s ign if icant ly  affect  the  speed  of  construct ion and cost  saving .  In  
tunnel  dr i l l ing ,  about  30 percent  of  the construct ion t ime is  spen t  for  dr i l l ing  
holes .  The tota l  cos t  consis ts  of  labor  and var ious ren tal  costs ,  which are  
a lmost  proport ional  to  the t ime.  That  is ,  cos t  reduct ion can be achieved by 
shortening the cons truct ion t ime.  However,  t he dr i l l ing process  with  a  
hydrau lic  percuss ion rock dri l l  is  a  very complex sys tem which involved  
many components  and interac t ions among them. The performance and 
eff ic iency of  the rock dri l l  are  affected  not  only by the factors  inside the  
machine,  but  a lso by the dri l l ing condit ions ou ts ide the machine.  In  th is  s tudy,  
a  more  accura te  numerical  model  of  consecutive percuss ive dri l l ing was  
construc ted,  which can  be taken as  a  tool  for  performance  evalua t ion and the  
design op timizat ion  of  the rock dr i l l .  The  numerica l  model  was based on the  
Okubo-Nishimatsu’s  model  and fur ther  m odif ied in  the  aspec ts  of  the s t ress  
wave propaga tion in  rods and rod joints  and the bi t -rock in teract ion.  In  
addit ion,  the variable  bi t - rock contact  condit ion dur ing consecutive  
percussive dri l l ing was invest igated,  modeled and combined into  the new 
model  for  making the s imula t ion c loser  to  rea l i ty.   
 
In  Chapter  1 ,  the  background,  problems ex is ted  in  the modern hydrau lic  
percussion rock dr i l ls ,  motiva t ions and a ims  and outl ine of  the s tudy were  
described .  Percussive dri l l ing  is  an impor tant  process  invo lve d in  mining,  oi l  
and water  wel l  dr i l l ing  and civi l  eng ineer ing.  The performance  and e ff ic iency 
of  the  rock dri l l  c r i t ical ly a ffect  the construct ion speed and the cost .  Thus ,  
how to improve the performance by exper imental  and numer ical  method has 
been focused by many researchers .  
 
In  Chapter  2 ,  the basic  knowledge and previous s tudy concerning the  
percussive dr i l l ing were reviewed.  The basic  knowledge included the 
class if ica t ion of  dr i l l ing  methods ,  the basic  mechanism of  the percussive  
dri l l ing,  and experimental  and two-point -s t ra in -measurement  methods.  
 
In  Chapter  3 ,  the aspects  of  s t ress  wave  generat ion,  propaga t ion and 
at tenua tion in  the Okubo -Nish imatsu’s  model  were improved.  The improved  
model  which was based on the 1D theory of  e las t ic  waves accurately  
reproduced the s t ress  waves measured in  the  dri l l ing tests .  In  the improved  
model ,  the  acoust ic  impedances of  the p is ton ,  shank rod and rod were set  to  
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be consis tent  wi th  the ir  ac tual  shape and s ize ,  as  well  as  the rod joint  was  
modeled as  the  CI +spr ing model .  In  addi t ion,  the 1D and ax isymmetric  f in i te  
e lement  models  of  percussive dri l l ing were buil t  to  calcu lated  s tress  waves.  
The numer ica l  waves calcula ted with  these  models  were compared  wi th  the 
measured waves.  I t  i s  shown that  the numerical  resul ts  c a lcula ted with  the  
axisymmetr ic  f ini te  e lement model  were be t te r  than those ca lcula ted  wi th  1D 
theory of  e last ic  waves  on reproducing the la teral - iner t ia  e ffec t  but  they were  
very c lose to  each o ther.  The numerica l  resul ts  of  the axisymmetric  f ini te  
e lement models  were sensi t ive to  the mesh scale  and the t ime s tep s ize .  A too 
smal l  t ime  s tep  did  not  improve the s imulat ion accuracy,  but  cause  
undesirable  high -frequency vibra t ions  in  numer ical  resu l ts  for  the  
coarse -mesh scale .  Thus,  i t  is  recommended  to  use  the improved model  for  
s imulat ing s tress  wave propagat ion ,  that  contr ibu te  to  decreasing  
computat ional  complex ity and to  saving computat ional  t ime.  
 
In  Chapter  4 ,  the impact  penetra t ion behavior  of  the but ton -bi t  with  the  
diameter  of  64  mm on Inada  grani te  was  inves t iga ted.  
Single -b low-impac t -penetrat ion (SBIP) tes ts  provided highly reproducible  
resul ts  under  constan t  blow condi t ions and with  t ightening of  the  threads  
af ter  each b low.  Unnatural  f luc tuat ions appeared in  the fo rce -penetrat ion 
curves calcu lated wi th  the two -poin t -s tra in -measurement (TPSM) method.  
This  is  probably due to  not  only the d ifferences in  the rod s t resses  measured  
at  the two poin ts  on the rod,  but  a lso the mismatch between the ac tual  bi t  and 
the calcula t ion model .  The data  correct ion m ethod was proposed ,  in  which the  
bi t  fo rce calcu lated in  the Free -b i t -end (FBE)  test  is  sub trac ted from that  in  
the SBIP test  using a  numer ical  s imulat ion.  The correct ion method was 
applied to  the measured rod s tresses ,  and  the  force -pene tra t ion curves  wer e  
improved remarkably.  However,  the s lopes of  the curves changed unnatural ly 
just  before  the  peaks,  which was probably due to  the change  in  the contact  
condit ions at  the rod -bit  connect ion in  the SBIP and FBE tes ts .  Thereafte r,  
the  bi t  force ca lcula ted  in  the s imula t ion of  the FBE test  was subt rac ted from 
the  one ca lcula ted from the  measured  rod s t resses  in  the SBIP test  when the  
bi t  force was h igh.  The addit ional  correc t ion  wi th  threaded b i t  model  i s  just  
for  the  threaded  rod -b it  connection  used  in  th is  s t udy.  The corrected  
force -penet rat ion curves are  smoother  in  the  SBIP tests  than those  in  s ta t ic  
penetrat ion tests  in  previous s tudies ,  which indicate  tha t  impact  penetrat ion 
is  not  accompanied  by la rge rock chipping.  The var ia t ions in  the  
force -penet rat ion  curves obtained from the  more than 40 SBIP tests  are  
probably caused by the contact  condit ions between the bi t  and rock,  and the 
rock propert ies  and the  damage to  the rock wi th  each blow.  
 
In  Chapter  5 ,  the impact  penet rat ion behavior  of  bu tton b i t s  in to  rock was  
invest igated for  modeling the b i t - rock in te ract ion under  d i fferen t  rod -bi t  
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configura t ions.  Impact  penetrat ion tes ts  on Inada grani te  were carr ied out  
with  s ix  rod -b it  configurat ions  which were composed  of  four  k inds o f  but ton  
bi ts  and two kinds  of  rods.  In  the  calcu lat ion of  force -pene tra t ion curves  
based on the measured rod s t ra ins ,  the b i t  model  cons tructed f rom the  
acoust ic  impedances was s impl if ied,  and the empir ica l  data  correct ion  
method proposed in  Chapter  4  was app lied to  a l l  the  rod -bi t  conf igurat ions.  
The force -penet rat ion curves for  the s ix  rod -bit  conf igura t ions  showed tha t  
the bi t  force in  loading  phase was approximately p roport ional  to  the square of  
the penetra t ion.  The curves in  un loading phase had a  l inear  re la t ion  between  
the bi t  fo rce and the penetrat ion.  The f inal  penetrat ion of  each blow had a 
l inear  re la t ion  wi th  the maximum penetrat ion,  and the measured changes in  
borehole  depth  with  each blow were  proport ional  to  the maximum penetrat ion.  
The effect  of  rod diameter  on the force -penetrat ion curves was not  c lear ly 
observed .  However,  the bi t  force cor responding to  the same penetrat ion  
increased and the spec i f ic  energy decreased with  the  increase in  b i t  d iameter  
or  in  number s  of  but ton t ips  on the bi t .   
 
In  Chapter  6 ,  the new consecu tive  percuss ive dri l l ing  model  which was based  
on the 1D theory of  e last ic  waves and modif ied from the Okubo -Nish imatsu’s  
model was proposed.  The aspects  of  the or iginal  model  invo lved in  s tress  
wave genera t ion,  propagation and at tenuat ion,  as  well  as  the bi t - rock  
interac t ion  were  improved on  the basis  of  the  resul ts  of  Chapte rs  3 ,  4  and 5 .  
The var ia t ion in  the force -penet rat ion curves and the change in  the borehole  
depth with  each b low were considered  for  reproducing the variab le  bi t -rock  
contact  condit ion  dur ing consecut ive percuss ive  dr i l l ing  improvements .  Any 
interest  parameters  can be constantly moni to red and the p -v diagram can be  
accurately s imula ted.  The new consecut ive percussive dri l l ing model  make s i t  
possible  to  eva luate  the effec t  of  thrus t  fo rc e and the e ffec t iveness  of  the 
damper sys tem on  the bi t - rock contac t  condit ion ,  because  the change in  the  
borehole  depth was considered  while  dr i l l ing .  
 
7 .2  Future  work  
The proposed consecu tive percuss ive dr i l l ing model  in  th is  s tudy s t i l l  has  
much  room for  improvement.  For  ins tance,  in  aspec ts  o f  the modeling the 
bi t - rock in terac t ion,  the effects  of  the  face and gauge t ips  on the  
force -penet rat ion curve  have not  been  c lar i f ied  and the quanti ta t ive  
relat ionsh ip between the number of  the button t ips  and the shape of  
force -penet rat ion curve has not  been given.  In  addit ion,  the experimental  data  
were on ly measured  from the  impact  penetra t ion tests  on Inada granite .  The 
impact  penet rat ion behavior  of  button bi ts  on other  types of  rock is  unknown.  
In  fu ture  work,  the  impact  pene trat ion tes ts  of  but ton b i ts  on o ther  types  o f  
rock are  necessary to  improve  the model .  
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The damper sys tem has  appeared in  the new series  of  the hydraul ic  percussion  
rock dri l ls  produced  by Furukawa Rock Dri l l  Co.  Ltd.  However,  the  
effec t iveness  of  the damper sys tem on the b i t - rock in terac t ion have not  been  
ver if ied in  theory.  In  this  s tudy,  t he varia t ion  in  the force -pene tra t ion curves  
and the change  in  the  borehole  dep th have  been combined  in to  the new model ,  
which makes i t  possib le  to  inves t iga te  the effect iveness  of  the damper sys tem 
on the b i t - rock inte rac t ion during consecut ive percuss ive dr i l l ing.  In  fu ture  
work,  the e ffec t  of  the  damper sys tem on the  dri l l ing performance  should be 
examined.   
 
The hydraul ic  percuss ion rock dri l ls  are  n ow used to  dr i l l  holes  with  the  
diameter  less  than 150 mm. The dri l l -supplier  p lans to  make  the next  
generat ion  of  rock dr i l ls  sui table  for  dr i l l ing la rge -diameter  ho les .  I t  is  
necessary to  conduct  numerica l  s imulat ion to  pred ict  and eva luate  the  
performance of  a  rock dri l l  when i t  dr i l ls  large -d iameter  holes  before  making  
a  prototype.   
 
There are  two ways  to  increase the power o f  a  rock  dr i l l .  One i s  to  increase 
the energy per  b low.  However,  the s ize  o f  the  energy per  blow is  l imited by 
the s treng th of  each component .  The other  is  to  increase the blow frequency.  
But  the blow frequency is  affec ted not  only by the components  ins ide the rock 
dri l l ,  but  a lso by the d ri l l ing condit ions outs ide the machine.  Thus,  in  future  
work,  more s imula t ions of  consecu tive  pe rcussive dri l l ing under  di fferen t  
dr i l l ing  condit ions  wi l l  be conduc ted to  f ind  a  sui table  way to  increase the  
blow f requency.  
 
Through improving the precis ion of  part ia l  models ,  the precis ion of  the 
integra ted consecu tive  percussive dri l l ing model  wi l l  be  increased  s tep by 
s tep.  Final ly,  the numerical  model  can be used as  an effect ive tool  to  evalua te  
the performance and eff ic iency of  di ffe rent  rock dri l l s  and to  guide the 
production op timizat ion.  
